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A single-tablet-scale mixing process, being part of a setup for the production of individualized tablets, is
developed and studied. The process relies on the principle of vibratory mixing to achieve a homogeneous
powder blend in the order of seconds. To investigate the mixing performance under various frequencies
and amplitudes, a contactless evaluation method was implemented based on high-speed video recordings,
a colored tracer and image analysis. The high spatial and temporal resolution of the recordings proved a valu-
able tool to assess the quality of the mixing process. Depending on the vibration parameters, different inten-
sities of diffusive and convective mixing were observed. It was found that for similar accelerations, lower
frequencies lead to faster mixing. Applying vibrational frequencies of 100 and 150 Hz and accelerations of
112 g a homogeneous blend of Emcocel 90M and dyed Avicel PH-102was produced within 2 s. This indicates
the suitability of this approach for the use in the design of a small-scale direct compression process.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The challenge of mixing powders affects a broad variety of indus-
tries. Examples include powder metallurgy [1,2], food preparation
[3,4], propellant manufacturing [5] and pharmaceuticals [6–9]. In all
those applications homogeneity of the powder mixture is the goal. In
the pharmaceutical industry, solid dosage forms (which include tablets
and capsules) are usually produced from a pre-blended powder. That
means that the effective dose of an Active Pharmaceutical Ingredient
(API) in a tablet or capsule is not only dependent on the correct weight
of the API and all excipients in the bulk but also on the homogeneity
after mixing. Consequently, various technologies have been imple-
mented over the years to achieve the required mixing quality, as well
as to prevent segregation after mixing. Segregation can either be
prevented by granulation [10–12] or by designing a powder mixture
and a processwhichminimize segregation potential if a direct compres-
sion process shall be realized [13,14]. A direct compression process,
i.e., a process that does not involve any granulation steps, is the aim of
the current study and the associated mixing step shall be closely inves-
tigated in the present work.
AM, ResonantAcoustic®Mixer;
on of interest; fps, frames per
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Direct compression has beenwidely adopted throughout the industry.
Modern manufacturing techniques, such as continuous pharmaceutical
production, often involve direct compaction, since the continuous granu-
lation poses significant challenges. However, with respect to small-scale
or individualizedmanufacturing, in the context of personalizedmedicine,
many challenges remain. While personalized medicine has almost be-
come state of the art in cancer treatment due to its very specific needs
[15], its benefits are less exploited in other fields [16,17]. Such benefits
are a higher therapeutic effect and less side effects by administering the
specified amount of drug and better compliance/adherence by reducing
the number of medicines a patient needs to take [18–20]. Also, for some
diseases there is no constant dosing during the therapy and thus the abil-
ity to adjust the dose in each tablet for a prescribed therapy duration is
desirable. The same is true for clinical studies in the context of adaptive
pharmaceutics.

Therefore, we aim to develop a manufacturing process for small
batches or individualized dose based on mixing (blending) and direct
compaction. This process setup should bring us one step closer to what
we consider as personalized medicine or a personalized medication
manufacturing system. The process setup consists of the three funda-
mental steps of tablet manufacturing – dosing, mixing (blending) and
compaction. A schematic which illustrates the setup is provided in
Fig. 1. To guarantee the correct amount of API and excipients in each tab-
let, we will rely on a gravimetric dosing step, after which the circulating
multipurpose vesselwill be sealed andwill remain sealeduntil the tablet
has been compacted. Right after sealing the powder will be mixed to a
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

d50 median particle diameter
d inner diameter of the mixing vessel
h height of the mixing vesselba acceleration amplitude
y0 half deflection amplitude
f frequency
M Lacey index
σ current variance
σ0 variance of a completely segregated system
σr variance of a perfect random mixture
N number of samples
wt mass concentration of tracer
wt mean mass concentration of tracer
p probability of finding a tracer particle
q probability of finding a non-tracer particle
t time
ξ reduced travelled distance
r red-value, equivalent to the a-value of the Lab

color model
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level of homogeneity enabling the production of a high-quality tablet. In
the last stage the powder will be compacted into a tablet, which will
then be ejected from the multipurpose vessel. This process design
reduces the risk of segregation which commonly leads to problems
with content uniformity in direct compression processes [21,22]. Fur-
thermore, the temporal and spatial proximity of the mixing and the
compaction step as well as the small volume of powder minimize the
risk of segregation which could impact other critical quality attributes
(CQAs) of the tablet. Each step bears the possibility to adjust process pa-
rameters based on the composition of the tablet, being produced. In the
pursuit of reaching a practicable output ratewe set a limit of around10 s
for the whole process. Optimization and parallelization can then lead to
a setup for use in hospitals, nursing homes, special pharmacies, and
other remote applications.

Asmentioned above, in thepresentworkwewill focus on themixing
(blending) step of this process and especially on the quantification of
Fig. 1. Process setup for individual on demand tablet manufacturing, consisting of
a dosing-, mixing- and compaction-stage as well as a connecting conveying system.
(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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the mixing quality. The goal is to achieve mixing of 200 to 1000 mg of
powder to an acceptable homogenous state in a sealed container within
less than 10 s. The homogeneous mixing of polydisperse powders poses
a significant challenge in the development of pharmaceutical manu-
facturing processes. These challenges do not only emerge from differ-
ences in size [23–25] but also from different densities [26] and shapes
[27] as well as from cohesive effects [28]. Those influencing parameters
require insight into the mixing process to overcome limitations in
blending capability. Based on that insight a proper selection of a mixing
device can be made. Traditional mixers can be split in two categories –
those using stirring elements, such as convective, impaction and high
shear mixers and those where the shell moves or rotates such as tum-
bling mixers [29]. For granular systems showing segregation tendency,
convective mixing was found more effective [25]. Convective mixing is
predominant in mixers using stirring elements. As we aim to keep the
vessel sealed after dosing, inserting, and removing of a stirring element
was in conflict with the specifications. However, a tumbling mixer
would not be able to readily overcome cohesive forces ofmany pharma-
ceutical powders due to the small masses involved in the process.

Therefore, we use a different approach, i.e., acoustic, or vibratory
mixing. The principle is depicted in Fig. 2. As illustrated, the powder
bulk is exposed to vibrations, leading to agitation of the bed. Depending
on accelerationmagnitude, frequency and powder characteristics either
mixing or segregation can be observed. The most famous example for
the lattermight be the Brazil nut effect driving large particles to the sur-
face of powder beds. A summary of size segregationmechanisms is pro-
vided by Schröter et al. [30]. Besides segregation or mixing, vertically
shakenpowders showvarious types of behavior, ranging frombouncing
beds, to undulations, the granular Leidenfrost effect, convections cells or
the state of a granular gas.Which of these states is observed depends on
the frequency, the acceleration magnitude, the number of layers within
the powder bed and cohesive effects [31,32]. The right combination of
parameters can therefore lead to efficient mixing exhibiting the charac-
teristics shown in Fig. 2 [33,34], where the interactions of the large-scale
and small-scale mixing effects leads to a breakdown of segregated
structures. While most experimental studies deal with quasi-2D
systems [31,32,35,36], we investigate a system contained by a cylin-
drical tube, representing the geometry of the multipurpose vessel we
intend to use for the tablet manufacturing process. Promising results
for the vibratory mixing of pharmaceutical powders are provided by
Osorio et al. [37,38] who use a ResonantAcoustic® Mixer (RAM)
(Resodyn Acoustic Mixers, Butte, Montana, USA) capable of generating
a resonant frequency of ~60 Hz and accelerations of up to 100 g
(where g = acceleration of gravity). They investigated the influence
of fill level, mixing time and acceleration magnitude on the Relative
Fig. 2. Schematic illustration of the mechanisms leading to homogenization in a
vibrational mixing process. (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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Standard Deviation (RSD) and the temperature rise for the model APIs
acetaminophen and caffeine blended with different excipients. A suc-
cessful application of this technology was also reported by Tanaka
et al. [34] in a comparison of a RAM and a traditional V-blender. As we
aim tomixmasses of up to only 1000mgwe have observed it is possible
to reach the desired level of acceleration without exploiting resonance
effects. Therefore, the mixing behavior at different frequencies has
been investigated at accelerations of up to 110 g. The small system
size in our work yields the additional advantage of a shorter mixing
time by reducing the size of the initially segregated volumes.

For the assessment ofmixing quality, several challenges arise includ-
ing (1) representative sampling [39], (2) measuring the (low) concen-
tration of a component of interest within a (small) sample [40] and
(3) the mathematical description of the degree of mixedness [41–44].
Using optical concentration measurements (since actual sampling
would be extremely challenging) has the intrinsic drawback of only an-
alyzing the observable surface of the powder bulk, which is the main
challenge with respect to representative sampling. An advantage in
terms of representative sampling can be foundby choosing sampling re-
gions (position and size) after image capturing in an iterative process, to
obtain the best representation. The ability to represent the whole pow-
der bed using this sampling method will be discussed in Section 3.3.

With respect to the second challenge, the small size of the system
limits the number of applicable sampling methods. The use of a 1 ml
sample-thief [45] combined with near - infrared (NIR) chemical imag-
ing was not a good option. Also the application of an in-line NIR-probe
[46] would yield an average concentration for the analyzed area.
These limitations and the desire for a high time resolution suggest the
use of a high-speed camera and a colored tracer. High-speed image re-
cording provides the advantage of a high temporal and spatial resolu-
tion, enabling different means of evaluation. Based on calibration
samples a correlation between color intensity and tracer concentration
in a specified image area can be made. A colorimetric approach on con-
centration measurement was successfully applied by Emady et al. [47]
for 80 μm fluidized-bed cracking catalyst particles, which is in the parti-
cle size range of the powders we aim to investigate. Emady et al. used a
colorimeter to determine the color and tracer concentration of the ana-
lyzed samples. While colorimeters, also known as spectrophotometers,
combine lighting andmeasurement of the reflected light, a setup using a
CMOS-camera relies on an external light source. Based on different
ambient lighting, the light reflected from the sample changes its color.
To enable a quantitative concentration measurement, calibration and
experiments have to be done under the same lighting conditions
using a fixed white balance. Concentration measurements based on a
3-color CCD-camera proved a valuable tool for concentration measure-
ment in flow through experiments of saturated porous media [48].
Equivalent performance of a colorimetric and a fluorescence approach
Fig. 3.Optical microscope images of (a) Emcocel 90M and (b) dyed Avicel PH-102, i.e., the trace
to the web version of this article.)
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in themeasurement of tracer concentration in a pharmaceutical capsule
filling process was reported by Scheibelhofer et al. [49].

In the present study the applicability of a vibratory system on
small-scale mixing of pharmaceutical powders and the suitability of
high-speed video analysis, for the evaluation of such a process, are in-
vestigated. After describing the materials, we present the setup for
mixing powders on a single-tablet-scale at various frequencies at accel-
eration amplitudes up to 110 g. Then, techniques for the image-based
mixing analysis, aswell as for the characterization of the shaking device,
are presented. To provide a quantitative measure for vibratory mixing,
we introduce an alternative metric to the mixing time for vibratory
mixing analogously to the number of revolutions in a rotary or tumbling
mixer. The results of shaker characterization, calibration and mixing
analysis will be discussed in the results section. Finally, we conclude
with a discussion of the preferred mixing frequencies and consider the
capabilities and limitations of the mixing analysis.

2. Materials and methods

2.1. Powders

Two pharmaceutical powder materials were used. As the aimwas to
develop a technique to assess mixing quality on a visual basis no APIs
were used. This was done as a first step in order to demonstrate
proof-of-concept without the safety concerns of working with APIs.
The focus was on pharmaceutical relevance and the suitability for dye-
ing the powders with a water-soluble coloring agent. Therefore, we
chose two microcrystalline celluloses (MCC), i.e., Emcocel 90 M (E-90)
and Avicel PH-102 (A-102) having a nominal mean particle size of 90
μm and 100 μm respectively [50]. Both powders are widely used as
fillers and binding agents in direct compression formulations. They
show good disintegration behavior and lead to high tensile strength in
tablets even at low compaction pressures [13,50].

The optical difference between the two materials was achieved
by using as-received Emcocel 90 M (JRS Pharma LP, Rosenberg,
Germany) and Avicel PH-102 (FMC Biopolymer, Philadelphia, United
States) dyed with red food color (No-taste Red Icing Color, Wilton
Industries, USA), see Fig. 3. The optical microscope images in Fig. 3
show a higher content of needle-shaped particles in Emcocel than in
the dyed Avicel, which is also reflected in their flowability.

The flowability of both powders was characterized using an FT4
powder rheometer (Freeman Technologies, Tewkesbury, United
Kingdom), while theHausner-Ratio was determined using a tap density
tester PT-TD200 (Pharma Test Apparatebau AG, Hainburg, Germany).
The flow function as well as the conditioned bulk density was
determined using the standard shear cell procedure provided by
Freeman Technologies at a normal stress of 3 kPa using a 25 mm shear
cell. The flow energy measurement was conducted using a 25 mm
r. (For interpretation of the references to colour in this figure legend, the reader is referred



Table 1
Properties of the materials.

d50

(μm)
Conditioned
bulk density
(kg/m3)

Flow energy
(mJ)

Hausner
Ratio (−)

Flow function
@ 3 kPa (−)

Emcocel 90M 126.0 370.0 255 1.43 9.0
Avicel
PH-102 dyed

118.2 367.5 169 1.36 10.3

Fig. 5. Mixing vessel consisting of aluminum lid and base and a PMMA tube; including
O-rings (black) maintaining the position of parts during vibration. The assembled
mixing vessel is screwed to the mounting plate of the electrodynamic shaker TV 51120
(Tira GmbH, Germany); d = 10 mm, h = 17.5 mm.
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vessel combinedwith a 23.5mmhelix blade, according to the respective
Freeman technologies standard procedure. Table 1 shows themeasured
d50, conditioned bulk density, flow energy, Hausner Ratio and the flow
function of the powders. The system investigated in the mixing experi-
mentswas a 50:50mixture of Emcocel 90MandAvicel PH-102, yielding
a d50 of 122.1 μm for the binary mixture.

2.2. Measuring setup

To analyze the mixing progress, of the materials being exposed to
vertical vibrations the setup shown in Fig. 4was used. Themixing vessel
itself can be seen in Fig. 5. As no compaction of the powder is done in the
present study, a transparent PMMA tube with an inner diameter of 10
mm was used to contain the powder which enabled us to observe the
particle motion. An anti-static spray was used to coat the inner surface
of the tube, to minimize the number of particles sticking to the surface.
At the top and the bottom, the powder is enclosed by two aluminum
parts yielding an inner height of 17.5 mm (see Fig. 5). The black
O-rings do not only seal the container but also maintain the position
of the aluminum parts during vibration. On the bottom part a threaded
bolt is used to screw the container to the platform of the electrodynamic
shaker (TIRA TV 51120, Tira GmbH, Germany) which is based on a
moving coil principle. The movement of the shaker is created by a sinu-
soidal signal of the function generator (PeakTech Prüf-undMesstechnik
GmbH, Germany) which is amplified by an analog amplifier (BAA 500,
Tira GmbH,Germany). For allmixing experiments, a sinewavewas cho-
sen for excitation of the shaker and the amplitude of the function gener-
ator was set to 5 Volt. The amplifier was set to voltage mode at the
maximum amplification factor.

Image acquisitionwas realized using a high-speed camera (Phantom
VEO640L, Vision Research, Wayne, New Jersey, USA). Adequate lighting
is provided by a 100W LED spotlight. In order to track only the motion
of the powder bed and not the motion of the whole container, the fre-
quency of image capturing is synchronized with the vibration fre-
quency. This means that for example for a vibrational frequency of
150Hz, 150 images are taken per second. Tomake as much information
Fig. 4. Experimental setup for execution and recording of powdermixing experiments. (For inte
version of this article.)
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accessible as possible, we recorded the images in the maximum avail-
able color depth of 12 bit. The original image resolution was 2560 ×
1600 pixels, from which a Region of Interest (ROI) of 850 × 480 pixels
was cropped for image analysis. Exposure time was set to 10 μs, to pre-
vent motion blur, independent of vibration- and image acquisition
frequency.
2.3. Shaker characterization

As the shaker is the heart of the vibratory mixing process, the oscil-
latorymotionwas analyzed, aswell as themechanical suspension of the
moving coil which changes the ideal sinusoidal wave provided by the
electrodynamic setup.

2.3.1. Motion analysis
Since additional mass reduces the maximum acceleration provided

by the electrodynamic shaker, no acceleration sensor was attached to
the shaker platform during the experiments. Instead, the movement of
the mixing vessel was analyzed using visual motion tracking. A mono-
chromic camera (Os 8 S3, IDT – Integrated Design Tools, Inc., Pasadena,
USA) was used for motion tracking experiments. The recorded images
were evaluated using the motion tracking tool of the software Motion
Studio (IDT – Integrated Design Tools, Inc., Pasadena, USA). Since the
rpretation of the references to colour in this figure legend, the reader is referred to theweb
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function generator provides a sine wave the maximum acceleration ba
can be calculated by ba ¼ y0∙4π2f 2, with y0 being the amplitude and f
the frequency of vibration. While y0 is accessible through the motion
tracking data, f is fixed by the provided signal. To reach a satisfactory
resolution of the motion signal, a frame rate of 6000 fps was used. The
position data yielded by the motion tracking is then fitted by a sine
wave using Microsoft Excel (Microsoft, Redmond, USA) to extract the
amplitude of the vibrational movement.

2.3.2. Force-deflection-measurement
To investigate the influence of the mechanical suspension in the

shaker system, a force-deflection-measurement was executed. The
measurementwas realized with an electric linear actuator with an inte-
grated load cell (RCS3-RA4R, IAI, Shizuoka Prefecture, Japan). Using the
manufacturer's PC-interface and software, position and force data were
recorded with a frequency of 1 kHz. To account for dynamic behavior,
velocities of 1, 5, 10 and 50mm/swere applied using the linear actuator.
As the load cell setup is solely designed to measure thrust, only deflec-
tion in the negative vertical direction was examined. For each velocity,
the deflection was set to 8 mm. The measurement was repeated 5
times for every velocity setting.

2.4. Image analysis

The images captured by the color high-speed camera were analyzed
using the software Matlab as well as the toolboxes DIPimage(Quantita-
tive Image Group, TU Delft, Netherlands) and EzyFit [51]. To uncouple
the influence of brightness and color, the images were transformed
from the RGB to the Lab color space. The Lab color model describes
the color of a pixel by L – the Lightness, a – a hue value ranging from
the positive extreme for red and to the negative for green and b which
describes the same for yellow (positive) and blue (negative). This en-
ables us to analyze the intensity of red color within the powder bed in-
dividually by looking at the a-value. This is why it is called red-value
below. An image is then represented by an X x Y x 3 matrix were
X x Y is the image size in pixels. Each of these matrix coordinates has
then 3 values, i.e., the L, a, b value, assigned to it. As this can be viewed
as an image consisting of three intensity layers, one can pick a single
layer for analysis, just as we did with the second layer, the a-layer. To
get rid of lighting inhomogeneity, in the images used for visualization,
a reference image is created from 150 images of pure Emcocel in mo-
tion. Afterwards the L matrix of each image is divided by the L matrix
of this averaged reference image andmultiplied by the mean of the ref-
erence image. An influence of lighting on the red-value was not visible,
therefore no correction of the red-value was done.

2.4.1. Calibration
To correlate the tracer content and the measured red-value in an

image, a calibration procedure was performed. For calibration, 7 mix-
tures containing 0, 20, 40, 50, 60, 80 and 100% were prepared and
mixed with the setup depicted in Fig. 4 at a frequency of 150 Hz and
an acceleration of 110 g. The exactmasses used for calibration are stated
in Table 2. The mixing process was recorded using the high-speed
camera at a frame rate of 30 fps. For calibration, the averaged mean
Table 2
Composition of samples used for the calibration of the red-value response to tracer
concentration.

Comp
1

Comp
2

Comp
3

Comp
4

Comp
5

Comp
6

Mass of Emcocel 90 M [mg] 400 320 240 159 79 0
Mass of dyed Avicel PH-102
[mg]

0 80 161 241 321 400

Real tracer content [%] 0 20.00 40.15 60.25 80.25 100
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red-values of 60 images recorded after 2 s of mixing were used. The
calibration images were recorded while the powder was in motion, to
reflect the same conditions in terms of powder bed density and there-
fore color intensity as in the experiments. The ROI was chosen to be
the same size as for the mixing analysis. A continuous correlation was
created by fitting a 3rd order polynomial to the data using EzyFit.

2.4.2. Mixing analysis
The powder mixtures we aimed to prepare were 1:1 mixtures of

Emcocel 90 M and dyed Avicel PH-102 tracer. A way of describing the
state of segregation in a system has been the subject of research
[52,53]. In thisworkwe chose the Lacey index [42] as the generalmetric
to describe the mixing quality within the powder blend [54,55]. As the
extent of segregation of the powder blend has a high impact on the crit-
ical quality attributes of the manufactured tablets, we decided to evalu-
ate the size of striations as done by Kukukova et al. [44]. The relative
areas of striations consisting of one component (purity >80%) are ana-
lyzed. The size of striations is relevant as it directly reflects the size of
segregation patterns, which is of high importance as segregation limits
the mechanical stability of a tablet.

To calculate the Lacey index M, 16 sample spots were defined,
i.e., eight in the lower half, eight in the upper half of the powder bed.
The exact location can be seen in Fig. 6a. The mean concentration of
tracer within one sampling box is then determined by calculating the
mean red-value and converting it to a concentration using the calibra-
tion function. From those values the Lacey index is then calculated as
shown by Eq. 1, 2 and 3. Here, σ0 is the variance of a totally segregated
system, σr the variance of a perfectly randomlymixed system and σ the
actually measured variance in the system, N the number of samples,wt

the measured mass concentration of tracer at a sampling spot, wt the
mean mass concentration of tracer in the system, p the probability of
finding a tracer particle and q the probability of finding a non-tracer
particle when sampling. As can be seen, the real and not the empirical
variance and mean concentration, are used. This allows us to identify
if only the visual surface is homogenous or if the whole volume is
mixed homogenously and is possible as we know the true mean for
each experiment. Since we analyze a poly-disperse powder and use av-
eraging to evaluate the concentration at a sampling spot, theoretically a
perfect mixture can be achieved. Therefore, we chose σr = 0.

M ¼ σ2
0−σ2

σ2
0−σ2

r
ð1Þ

σ2 ¼ 1
N

∑
N

i¼1
wt−wtð Þ2 ð2Þ

σ2
0 ¼ p∙q ð3Þ

To calculate the maximum relative striation area, the threshold and
labeling function of DIPimagewere used. Threshold values based on cal-
ibration data were introduced to identify areas of more than 80 or less
than 20% tracer content. All continuous areas fulfilling this criterion re-
ceive a label and their size is measured. To arrive at the relative maxi-
mum striation area, the largest area value is divided by the overall
area of the ROI. Fig. 6b-d show an image recorded prior to mixing and
at its labeled counterparts for <20% (c) and >80% (d) tracer content.
The same is visible in e-g for amixing timeof 0.7 s at 150Hz and approx-
imately 112 g.

To compare theprogress ofmixing at different frequencies,we intro-
duce the reduced travelled distance ξ which is defined as ξ = t ∙ f ∙ 2
(y0 − d50)/h with t being the mixing time, f the vibration frequency, y0
the vibration's amplitude in one direction, while d50 reflects the particle
size of the powder mixture and h the height of the mixing vessel.
ξ should describe the cumulative bed agitation and accounts for themo-
bility of the particles due to the vibration amplitude and their size. This
metric is intended to be equivalent to the number of revolutions in a



Fig. 6. a) original image recorded by the high-speed camera indicating the Region of Interest for striation analysis (red boundary) as well as the sampling spots used for the calculation of
the Lacey-index (blue squares). b) ROI of an original image recorded prior tomixing. c) labeled image corresponding to areas in b)with a tracer concentration below 20%. d) labeled image
corresponding to areas in b)with a tracer concentration above 80%. e) ROI of an original image recorded after 0.7 s ofmixing at 150Hz. f) labeled image corresponding to areas in e)with a
tracer concentration below20%. g) labeled image corresponding to areas in e)with a tracer concentration above 80%. (For interpretation of the references to colour in thisfigure legend, the
reader is referred to the web version of this article.)
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rotary or tumbling blender. In the contrast to rotarymixing, the number
of oscillations is not practical, as in contrast to revolutions in a rotary
mixer there is no direct coupling between number of oscillations and
cumulative bed agitation.
2.5. Experimental design

As indicated by previous studies, certain combinations of frequency
and amplitude are needed to lead to satisfactorymixing. As the study by
Osorio et al. [37] suggests that higher acceleration leads to fastermixing,
the highest acceleration achievable with the setup was used for this
Fig. 7. Evolution of the acceleration amplitude of the vibrational motion during the onset
of the mixing process.
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work, being ~110 g. Regarding the adopted frequency some preliminary
tests were executed. Based on these tests, the frequency range was set
to 100–300 Hz. The lower limit is due to the limited deflection of the
shaker which does not allow for maximum accelerations below 100
Hz. 300Hzwere chosen as upper limit, as frequencies above showed de-
creasing agitation of the bed, because of the small amplitude. The inves-
tigated powdermass was fixed at 400mg representing a single tablet of
400 mg with an API dose of 200 mg.

3. Results and discussion

3.1. Vibration analysis

Despite the fact that the function generator's amplitude and the
amplification were set to constant values for all investigated frequen-
cies, different acceleration amplitudes were observed, as can be seen
in Fig. 7. Lower frequencies led to higher initial acceleration amplitudes.
Additionally, a decrease over time was observed for all frequencies.
Closer investigation of the position data showed, however, a good corre-
lation between the real oscillation and the ideal sinusoidal wave form
used for excitation. The differences between different frequencies
might be explained by two factors influencing the actual vibrations:
Table 3
Offset and deflection amplitudes for the investigated frequencies.

Offset [mm] y0,0 [mm] y0,2 [mm] aspring [m/s2]

100 Hz 3.60 2.845 2.680 7.71
150 Hz 0.92 1.278 1.184 3.46
200 Hz 0.54 0.662 0.633 1.79
300 Hz 0.22 0.260 0.250 0.70



Fig. 8. Deflection measurement for 100 Hz experiment. (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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The first one is themechanic suspension of the shaker's moving coil.
To maintain a stable position at rest, the coil is suspended on eight can-
tilever springs. Those also act as radial bearing to keep the moving coil
centered. This suspension adds a force to the magnetic force created
by the sine wave signal. The added force is higher for high deflections
which occur at low frequencies. While this explanation agrees with
the trend observed while going from 150 to 300 Hz, it does not explain
that accelerations at 100 Hz are similar to those at 150 Hz. The reason
might, to a part, be the offset from the initial rest position and the neu-
tral position during the oscillatorymovement. At the excitation voltages
we used in the present study, for different frequencies a different offset
is observed. This offset, as well as the initial deflection amplitude y0,0
and the deflection amplitude after 2 s y0,2 are provided in Table 3,
while their meaning is illustrated in a deflection over time diagram in
Fig. 8.

The force-deflection-measurement of the mechanical suspension
showed that the mechanical suspension behaves like a 2-step linear
spring with a force constant of 6.3 N/mm for deflections lower than
3.6 mm and a force constant of 7.05 N/mm for deflections between 3.6
and 8 mm. Using these force constants, the influence of the offset and
the amplitude on the peak acceleration was calculated. The portion of
acceleration emerging from the springs is stated in Table 3 as aspring.

The second effect which might influence the performance of the
shaker is that of magnetic losses in the moving coil when its polarity
Fig. 9. Tracer mass fraction in the mixtures used for calibration vs. the measured red-
values (circles). The solid line indicates the polynomial fit of third order (Eq. (4)).
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is changed. The shaker's main resonance frequency is reported to be at
6500 Hz by the manufacturer. Hence, resonance should not influence
themotion for the investigated frequencies. Comparing the acceleration
amplitudes and the influence of the mechanical suspension suggests
that the dominant influence comes from electrodynamic effects.

The decrease of the amplitude over time can be explained by the
temperature rise in the coil during operation. As the amplifier is provid-
ing a constant peak voltage, the electric current decreases with increas-
ing resistance due to the rising temperature. This leads to a lower force
available, for accelerating the moving coil and the mixing vessel.

3.2. Calibration

The red-values r yielded by image analysis of mixtures with known
tracer content wt are indicated by the black circles in Fig. 9. As can be
seen, there is no linear correlation between tracer concentration and
red-value. To account for this a 3rd order polynomial was fitted to the
measured data. The fit is depicted as black line in Fig. 9 and is described
by Eq.(4).

wt ¼ 28:953þ 2:6283∙r þ 3:1142∙10−2∙r2−1:3058∙10−3∙r3 ð4Þ

As the fit decreases to values below zero for red-values between ap-
proximately−22 and−16, a criterion is introduced to prevent negative
values for tracer concentration, leading to the final form (Eq. (5)):

wt ¼ max 0;28:953þ 2:6283∙r þ 3:1142∙10−2∙r2−1:3058∙10−3∙r3
� �

ð5Þ

Eq. (4) depicts the calibration data points with a correlation coeffi-

cient R of 0.9998. It is defined as R2 = SSreg/SStot, where SSreg ¼

Σ yfit−y
� �2

and SStot ¼ Σ y−yð Þ2 with yfit being the fitted values y the

mean of the measured values and y the measured values.
The evolution of the red values over time is shown in Fig. 10 for

various tracer concentrations. As can be seen, strong fluctuations at
the beginning are observed. After some time, a plateau seems to be
reached, yet some fluctuations are still observed except for the case
with no tracer. The red values of all mixtures increase, except for the
one with pure systems. The fluctuations can be explained by the fact
that only the surface of the powder bed is observed. For 100% tracer,
abrasion of the particles, creating colorless fines, is the reason for
Fig. 10. Red-value measured in the calibration samples over time during vibration at 150
Hz and 110 g. The grey area indicates the timespan used for averaging. (For interpretation
of the references to colour in this figure legend, the reader is referred to theweb version of
this article.)



Fig. 11. Tracer concentrations measured at the initial state for each experiment in the
lower and upper half of the mixing vessel.
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decreasing red-values. In addition, the red values are also influenced by
clouding of the transparent tube by fines.

The applicability of the calibration to the images of the mixing
experiments was tested by evaluating the tracer content at the upper
8 and lower 8 sample spots (according to Fig. 6a) before the mixing
process started.

Fig. 11 shows a boxplotwhich depicts the tracer content in the lower
and upper half of the container. As can be seen the tracer content is cor-
rectlymeasured for all initial states as zero in the lower half, while there
are small deviations from 100% in the upper half for the initial state for
100, 150 and 200 Hz. For the 300 Hz experiment larger deviations from
the expected value are seen for the upper half. This deviation can be ex-
plained by the filling order. When filling the powder into the container,
particles attach to the wall due to electrostatic forces, despite the use of
an anti-static spray to coat the inner surface of the tube. Therefore,
white particles are also in the upper half, while there are no red ones
in the lower half.
Fig. 12. Images recorded during the mixing process showing the progress of mixing. (For inter
version of this article.)

392
3.3. Mixing analysis

Images of the ROI for 100, 150, 200 and 300 Hz are presented
in Fig. 12, while the respective videos are available below (100 Hz –
Video 1, 150 Hz – Video 2, 200 Hz – Video 3, 300 Hz – Video 4). They
highlight the effect of different frequencies on mixing of the materials.
Furthermore, the main phenomenon leading to differences in the
mixing efficiency, which is the size of the intense-mixing zone (or
zones if there are more of them) can be seen.

Intense-mixing zones are zones within the powder bed exhibiting a
lower density and higher particle velocities.While they cannot easily be
distinguished in the images, they are clearly visible in the video record-
ings. Thesemixing zones lead to homogenization by strongly enhancing
diffusive mixing and by the convection induced in denser regions of the
powder bed. Regardless of the frequency, we observed that the forma-
tion of dilute intense-mixing zones starts at the top of the bed. In
these intense-mixing zones the powder behaves like a granular gas, as
it is observed for shallow granular beds at lower accelerations [31].
Since the intense-mixing zones support the weight of denser regions
within the bed, a similarity to the granular Leidenfrost effect as ob-
served by Eshuis et al. [31] can be identified.

For 100 Hz a mixing zone can be observed that starts to form at the
top and then in the course of time spreads over about 70% of the con-
tainer leading to fast mixing. As the height of the white layer decreases
and no change in color of the red layer is observed until 0.15 s, we
assume it moves upwards on the backside of the container to come
down at 0.2 s. From 0.3 s on we observe an almost perfectly mixed
system.

In the second row in Fig. 12 showing the experiment at 150 Hz, we
can identify one smallermixing zone developing in the top-right corner.
Together with at least one other mixing zone it produces an additional
convective flow, conveying powder upwards in the middle of the con-
tainer. The combination of these two phenomena is responsible for
mixing at this frequency.

If the powder is excited by 200 Hz we observe smaller mixing zones
which also “travel”more slowly through the powder bed. The same can
be seen for 300 Hzwith even smallermixing zones. For 300Hz a layered
pretation of the references to colour in this figure legend, the reader is referred to the web



Fig. 13. Relative maximum striation area below 20 or above 80% tracer concentration
versus mixing time.

Fig. 14. (1 – Lacey index) versus mixing time for the investigated frequencies.

Fig. 15. (1 – Lacey index) versus the reduced travelled distance ξ (black markers).
Exponential fit representing the decrease of segregation resulting from the investigated
mixing process (red line). (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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structure of dilute horizontal mixing zones and dense powder can be
observed. Convective flows seem to emanate at the front towards the
back of the container, as the undyed Emcocel disappears fromview. Fur-
thermore, a higher amount of fines stuck to the transparent container's
wall at 300 Hz, which might not have been directly linked to the fre-
quency, but influenced the colorimetric concentration measurement.
This clouding effect is clearly visible in Video 4.

Despite the attachment of fines at the surface of the tube, particle
movement is still clearly visible. The migration of particles between
the visible surface and the inside of the bed is observable in the videos
(Videos 1–4) regardless of the frequency. This indicates a sufficient rep-
resentation of the mixing quality inside the powder bed volume by ob-
serving the visible surface. We should however note that all our results
are based on the visible outer surface of the vessel andwe can only infer
flow inside of the bed. Further work with a sophisticated experimental
technique like PEPT is needed to examine the three-dimensional flow
dynamics inside the bulk of the bed.

The quantitative analysis of the size of the striations is provided in
Fig. 13. As can be seen, the relativemaximumsize of striations decreases
for all cases and reaches 0 after a maximum of 2 s except for 300 Hz.
From Fig. 13 it can be seen that themixing speed decreases for increasing
frequency. The increase of the striation area for 200 Hz starting at about
1 s indicates the coalescence of multiple striations and therefore tem-
porary segregation. At 300Hz themixing process is significantly slower,
as indicated by an increasing size of the striation area until about 2 s.
A comparison of the relative maximum striation area and the images
(Fig. 12) for 300 Hz shows a difference between visual perception and
the results yielded by analysis based on threshold images. One reason
is the diffusive mixing which decreases the purity of the tracer slightly
below 80% which is not visible with the bare eye. The other reason is
the fact that the bed does not expand to the full area of the ROI used
to calculate the relative value.

Fig. 14 shows one minus the Lacey index M on the y-axis to make a
comparison to the striation area easier. 1-M can also be viewed as a seg-
regation index. The use of the Lacey index provides better distinction
between the progress of mixing for 150 and 200 Hz. It indicates the
same mixing quality for 100 and 150 Hz earlier than the size of seg-
regation measurement which also fits the impression gained by visual
examination of the images. Although the powder seems almost
homogenously mixed at 1 s for 200 Hz the Lacey index as well as
the size of segregations suggest that the mixing process is not yet
completed.

Fig. 15 presents 1-Mover the reduced travelled distance ξ. As the dif-
ferent amplitudes of the vibrationalmotion for different frequencies are
considered in the calculation of ξ, the mixing progress can be viewed as
only depending on the reduced travelled distance. As can be seen for
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100 and 150 Hz, the mixing-versus-travelled distance plots almost col-
lapse into a single curve. Due to the temporarily stagnatingmixingprog-
ress for 200 and 300 Hz there is some deviation from the trend. Still the
curves show a similar slope as the other two when there is progress.

Because of the good correlation of the mixing progress for 100 and
150 Hz, we propose, that for the vibrational mixing of a specific powder
applying the same acceleration amplitude in the same geometrical
setup the mixing progress can – with limitations – be described solely
using the reduced travelled distance. ξ can therefore be viewed analo-
gously to the number of revolutions in a rotary or tumbling mixer
which is commonly used instead of the time as this allows to compare
mixing processes regardless of the rotational speed. The fit is given by
Eq. (6).

1−M ¼ 0:03þ exp −0:24∙ ξ−1:143ð Þð Þ ð6Þ

The fit is shown as red line in the figure. The good correlation
between the fit and the results for 100 and 150 Hz shows that the de-
crease of segregation can be described by an exponential law using ξ.
This fit is of course only applicable if no stagnations in themixing prog-
ress occur, which apparently happens at higher frequencies and thus
lower amplitudes. Stagnations like the ones that were observed seem
to occur if the size or number of intense-mixing zones is too small to
link two segregated areas. If an intense-mixing zone is smaller than a



Fig. 16.Mean tracer concentrationmeasured at the sampling spots indicated in Fig. 6 over
mixing time. (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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segregated volume and located within it, no mixing can take place and
therefore the mixing progress stagnates until the mixing zone hits the
interface between two striations.

An evaluation of the overall mean of the sample spots is shown in
Fig. 16. The initial values are close to 50% for all experiments, as one
would expect based on the results of the calibration validation in
Fig. 10. As soon as the mixing process starts, strong deviations from
the mean in different directions are observed which is linked to the
onset of agitation. Except for the 300 Hz experiment, the mean tracer
concentration values converge to about 60%. A look at the images sug-
gests that the deviation between the 300 Hz experiment and the others
can be explained by the fact that most of the white powder is
transported to the backside of the container in this experiment and is
hence not visible. The deviation from 50% which the remaining experi-
ments have in common are suspected to be linked to the abrasion of dye
particles during the mixing process.

The fact that the mean concentration varies only an order of ±5%
together with a high Lacey index indicates a steady homogeneous
state for 100, 150 and 200 Hz after a mixing time of 3 s. As the 300 Hz
experiment yields a Lacey index of only 0.85 and a mean concentration
which is 10% off the other experiments' results after 5 s of mixing,
300 Hz vibration is not considered suitable for the chosen objectives.

4. Conclusion

The results of the present study suggest three key conclusions

• A single-tablet-scale mixing process was developed by exposing a
powder bed to vibrationswhich led to agitation of the powder.Mixing
performance was investigated for a variety of frequencies and ampli-
tudes using a colored tracer, high-speed video recordings and image
analysis. The high spatial and temporal resolution of the video record-
ings provided insights on the rate and quality of the mixing process.

• Vibratory mixing of pharmaceutical powders at acceleration magni-
tudes of ~112 g and frequencies of either 100 or 150 Hz leads to a
high degree of homogeneity (Lacey index of ~0.95 and a close to con-
stant mean concentration at the observable surface) after 2 s of
mixing. The same can be said for 200 Hz and an acceleration magni-
tude of 102 g after 3 s. As our process aims at mixing of powders for
a single tablet, the results satisfy the needs for homogeneity. The
mixing process running at 300 Hz and 92 g did not deliver a satisfac-
tory blend in the specified time.

• Within the investigated range, at similar levels of acceleration,
lower frequencies and therefore higher amplitudes provide more
efficient mixing. Due to our observations we propose a direct link
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between the size of the highly active mixing zones and the efficacy
of a vibratory powder mixing process.

• Colorimetric analysis based on the evaluation of high-speed record-
ings is a valuable tool for continuous evaluation of the mixing qual-
ity within a small-scale vibratory mixer. This way of analysis
allowed working with multiple sample spots in a small volume
andwithout disturbance of themixing process by drawing samples.
The two mixing metrics calculated, i.e., the Lacey index and the
maximum relative striation area both reflect the visually observ-
able progress of the mixing process. The Lacey index occurred to
be the more robust means of analysis, as it is not affected by fluctu-
ations due to rupture and coalescence of continuous striation areas.

Fines, either present at the beginning of the mixing process or gen-
erated during it, potentially impact the outcome of an image-based con-
centration analysis. In futurework a focuswill be on this topic, to reduce
the clouding effect of fines at the wall. Furthermore, a transient calibra-
tion could be applied with calibration standards mixed by a low shear
mixing process, to keep the amount of fines at the level of the original
powders. A first investigation should give insight if there is any differ-
ence in the generation of fines for different frequencies or accelerations.

As the investigated system of a 1:1mixture is only representative for
high dose APIs like Ibuprofen or ASA, further investigation on detection
limits and accuracy for low doses should be done in the future. This
should also include the use of different API and excipient powders. To
improve the comparability between different frequencies, an accelera-
tion control could be implemented to guarantee the same acceleration
magnitude for different frequencies. This will also come into play
when it comes to mass differences for future tests of different vessel ge-
ometries and fill levels. Investigations on the flow field within the pow-
der bed using particle image velocimetry (PIV) would be useful as well.
These could provide information about the size of highly active mixing
zones and the velocities therein. Furthermore, the interface between di-
lute mixing zones and denser regions should be investigated in more
detail to get insight in the particle transfer from areas with high density
to the dilute mixing zones.
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