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Abstract
Purpose This study aimed to evaluate the feasibility of
implementing a 3D high-speed imaging camera for in-line
monitoring of a continuous wet granulation process and its
potential for real-time process control.
Methods The EyeconTM camera was used for monitoring
a twin screw granulated-placebo formulation composed of
lactose (73.5 %), microcrystalline cellulose (20 %),
hydroxypropylmethyl cellulose (5 %), and croscarmellose
sodium (1.5 %). Water was used as the granulating liquid
at liquid-to-solid (L/S) ratios from 0.15 to 0.35 at 0.05
increments. The lactose particle size was varied using
three grades of lactose: pharmatose 200 M, impalpable,
and SuperTab 30GR. The process was perturbed by
changing the L/S ratio, while monitoring the process using
the camera. A Shewhart control chart was constructed
using control limits obtained under steady-state condi-
tions. Statistical process control tools were used to assess
the implications of choosing different quality characteris-
tics on the detectability of process shifts.
Results The camera showed sensitivity to variation in pro-
cess parameters, which was evident in the calculated granule
size and particle count. Larger particles had strong leverage
on the converted volume distribution, which significantly
affected the magnitude of variability in the statistics of

particle diameters. It was shown that particle count and d10
were more sensitive to process shifts than d50 and d90.
Conclusions The sensitivity of the high-speed camera,
coupled with image analysis, to process perturbations and
the variety of generated characteristics of particle attributes
demonstrate the potential of this technique for continuous
process monitoring and control.
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Introduction

The pharmaceutical industry has traditionally adopted batch
processing for reasons related to the small-volume production
of its products, frequent product change, and the unique regu-
latory environment and quality standards under which it
operates [1–3]. However, continuous processing has the po-
tential to improve manufacturing efficiency and facilitate pro-
cess optimization and technology transfer while managing
variability and improving product quality. The regulatory au-
thorities are also encouraging this paradigm shift in pharma-
ceutical manufacturing such that the industry is in good
position to address new challenges in drug development while
providing safe, effective, and affordable drug products [4]. The
implementation of some or all of the process analytical tech-
nology (PAT) tools described in the FDAGuidance for Industry
will improve process control by providing a fundamental sci-
entific framework for process understanding and optimization.

Some of the pharmaceutical solid dosage form manufactur-
ing operations are naturally adapted to continuous processing
using current equipment such as spray drying, roller compac-
tion, in-line milling, tablet compression, and packaging [2, 3].
Despite the presence of continuous wet granulation equipment
in other sectors, its introduction in the pharmaceutical industry
has been slower. One contributing factor is the lower production
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volume of pharmaceuticals compared to other industries such
as food and chemicals, which renders their granulation equip-
ment too large for practical use. Recently, twin screw extru-
sion equipment has emerged as an alternative option,
providing the optimum throughput for pharmaceutical pro-
duction [5–9]. With continuous processing, the use of process
analyzers and process control tools becomes more crucial to
evaluate and ensure acceptable quality. The real-time mea-
surement of critical product quality attributes allows necessary
process adjustments with minimal disruption of the continu-
ous manufacturing line, thereby facilitating parametric release
[4]. Furthermore, real-time measurement of the properties of
granules leaving the continuous granulator is much easier than
process tracking during traditional batch granulation.

The aim of any wet granulation process is to improve
powder handling, reduce segregation, improve compaction,
and ensure content uniformity through size enlargement.
Thus, granule size is one of the key quality attributes of the
granular product that needs to be monitored and controlled
because of its effect on downstream processing such as dry-
ing, blending, and tablet compression. At-line measurement of
granule size for a continuous wet granulation process using a
3D surface imaging technique was reported [10]. In a recent
study, in-line granule size monitoring of a continuous wet
granulation process was achieved using a spatial filtering
velocimetry probe [11]. For a continuous wet granulation
process, ensuring that the desired granule size is obtained is
the ultimate goal from real-time process monitoring.

In this study, a high-speed 3D particle characterizer is used
for in-line monitoring of granule size during a twin screw
granulation (TSG) process. The study examines the effect of
formulation and process parameters on granule size and as-
sesses the sensitivity of the camera to intentional process
perturbations that are bound to affect the granule size
obtained. The camera provides a wealth of data in the time
domain including different size parameters, particle count, and
shape information. The implications of using the different data
output for process monitoring and control are also evaluated.

Materials and Methods

Real-Time Data Acquisition and Image Analysis

The EyeconTM 3D Particle Characterizer consists of a high-
speed 3D imaging system that can be used for assessing size,
shape, and surface information from the collected images. The
camera captures images of a moving sample using 1-μs illu-
mination pulses, thereby enabling data acquisition of rapidly
moving particles up to 10 m/s. The EyeconTM camera was
interfaced with the granulator as shown in Fig. 1. A chute was
fixed at the exit of the granulator to transfer the granules into a
narrow free-falling stream that is at the focal point of the

camera. The camera collects particle size and particle count
data every 2–3 s and calculates the number distribution from
the collected images. The average particle size parameters and
particle count were then calculated in a moving window of
30 s for subsequent data analysis. The experiments performed
are summarized in Table 1.

The camera illumination is based on the principle of pho-
tometric stereo imaging, which allows capturing of the 3D
features of the particles in addition to a regular 2D image [12].
As shown in Fig. 2a, the LED lamps located around the
circumference of the EyeconTM camera emit RGB light to
illuminate the sample and create a 3D surface map of the
particles following data integration. The color distribution on
the sample provides topological information and allows the
distinction of particle edges for size determination. The same
approach allows the software to detect overlapping particles
and particles that are partially cut by the field of view, which
can then be excluded from particle size calculation. The size of
complete particles is then estimated from the 3D-projected
image (Fig. 2b) through an iterative process to obtain the
equivalent diameter of the best fit ellipse. It enables the
capture of both size and shape of pharmaceutical particles in
the nominal range between 50 and 3,000 μm.

A set of ellipses are measured from each analyzed image.
Subsequently, a number distribution is obtained that repre-
sents the number of particles in each size bin. The number
distribution is then converted into a volume distribution
from which statistics of particle diameters are calculated
such as mean, d10, d50, and d90. The output also provides a
mean aspect ratio for each image, which is calculated from
the ratio of maximum and minimum diameter. Images can
be captured in less than 1 s, but it takes ∼2–3 s for size
calculation to be completed. However, post-processing of
the data allows offline analysis of all images collected and
size calculation at a higher time resolution if needed.

Granulation Experiments

Granulation experiments were carried out in a EuroLab 16-mm
twin screw granulator, 25:1 L/D (Thermo Fisher Scientific,
Karlsruhe, Germany). The screw configuration consisted of
conveying elements and one block of kneading elements as
shown in Fig. 3. Five kneading elements (0.25 D) were used at
an offset angle of 60° in the forward direction. The barrel
temperature was maintained at 25 °C throughout the experi-
ments. A Masterflex® peristaltic pump (Cole Parmer, Vermon
Hills, IL) was used to feed the granulating liquid through a 2.5-
mm liquid feed port located just before the kneading block
section. The liquid feed rate was varied as will be described in
the following sections. The powder feed rate wasmaintained at
4 kg/h using a gravimetric powder feeder (Brabender
Flexwall® Feeder, Brabender-Technologie, Germany). A pla-
cebo formulation composed of lactose (73.5 %), microcrystalline
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cellulose (20 %), hydroxypropylmethyl cellulose (5 %), and
croscarmellose sodium (1.5 %) was used. Three grades of
lactose with varying particle size distributions were investi-
gated: pharmatose 200 M (d50=111.4 μm), impalpable (d50=
415.4 μm), and SuperTab 30GR (d50=287.1 μm). The details
of particle size measurement method of all formulation in-
gredients were described previously [6]. Distilled water was
used as the granulating liquid.

Granule Growth Experiments

The liquid-to-solid (L/S) ratio was increased at 0.05 incre-
ments from 0.15 to 0.35 to evaluate the response of the camera

to expected changes in granule size. The granulation experi-
ments were conducted at 400 rpm for all three grades of
lactose. The experiments were run separately at each L/S ratio
and the process was monitored using the EyeconTM camera
for 6 min in each case.

Offline Granule Size Analysis

Granule samples were collected during the granulation exper-
iments examining the effect of L/S ratio. The granule samples
were dried at room temperature for 48 h. Subsequently, the
granule size distribution (GSD) was measured using sieve
analysis. The sieves used were in the range of 63 μm to
8 mm. Initially, granules were sieved through 8–1 mm sieves,
followed by sieving the fines down to 63 μm.

Sensitivity to Process Perturbations

The sensitivity of the camera to process perturbations was
evaluated by monitoring the effect of changing the L/S ratio
on the measured granule size. The L/S ratio was varied between
0.2 and 0.3 while keeping the screw speed at 400 rpm. The
formulation containing the impalpable grade of lactose was used

B

A

C

D

E

Fig. 1 Experimental setup
showing the interface of the
camera with the twin screw
granulator. Liquid feeder (A),
powder feeder (B), granulator
barrel (C), sample chute (D),
and camera (E)

Table 1 Experimental design of granulation experiments

Study Lactose grade L/S ratio

Granule
growth

Impalpable 0.15, 0.2, 0.25,
0.3, 0.35Pharmatose 200M

SuperTab 30GR

Process
perturbations

Impalpable 0.2 and 0.3
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in each case. The experiment was carried out over four cycles,
where each cycle represented the step change from the lower
level of the variable to the higher level and finally back to the
lower level. The mean residence time distribution (RTD) of the
TSG process using a similar configuration was estimated previ-
ously to be 8 s [6]. So, processmonitoring was conducted over a
2-min period, following a 1-min allowance to reach steady state
(∼5 RTD). Statistical analysis of process data was performed
using the JMP software (SAS Institute Inc., Cary, NC).

Results and Discussion

Sample Presentation

The camera provides several advantages for process monitor-
ing. The size determination approach is based on direct mea-
surement and thus does not require material-based calibration.
Being a non-contact method, it will not affect the physical
structure and size distribution of the particles during measure-
ment. In addition, the camera provides particle size combined
with shape and surface information from the images that can
be collected in both at-line and in-line modes.

Despite the value of different real-time process monitor-
ing applications, optimizing sample presentation is a critical
component that can undermine the validity of acquired data.
Representative powder sampling through proper sample
presentation remains one of the challenges for in-line size

monitoring [13]. Ideally, the powder should be sampled in
motion, preferably the whole stream at intermittent time
intervals. The free-falling powder stream also allows ran-
dom orientation of particles within the field of view such
that the different dimensions of particles can be captured. In
contrast, particles sliding on a flat surface will mostly pres-
ent their preferred orientation, which is the largest particle
dimension leading to overestimation of particle size. Sensor
fouling is another well-known challenge in process moni-
toring for different applications and can result in data that
are not representative of the actual process.

A sample presentation system was designed to ensure
unbiased sampling and correct sample presentation. The
sample holder design consists of a chute that can be attached
to the front end of the granulator as depicted in Fig. 4a. The
chute narrows the stream of granules exiting the granulator
as they slide down such that they are funneled to the point of
analysis in front of the camera. The chute is constructed to
generate a small amount of turbulence as the particles fall
through to improve the separation of fine and coarse parti-
cles. The free-falling stream also ensures that the orientation
of the particles being analyzed is statistically representative
of the overall population size and morphology. Figure 4b
illustrates a representative image that shows the orientation
and presentation of the particles to the camera. The image
clearly captures a full particle size range, which is crucial in
case of a TSG process because of the reported broad granule
size distribution obtained [5–8, 14, 15].

A

B

Fig. 2 Method of data
acquisition by the EyeconTM

(a) and particle size
determination from a 3D-
projected image (b)

Fig. 3 Screw configuration
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Granule Growth

Figure 5a–e depicts representative images collected during the
granulation experiments for the impalpable grade formulation
at different L/S ratios. The images display the increase in
particle size and the decrease in particle count as the L/S ratio
increases from 0.15 to 0.35. Lumps and fines are visible even
at low L/S ratio as shown in Fig. 5a, which is consistent with
previous data obtained using this process [6]. Figure 6 illus-
trates the granule size parameters (d10, d50, and d90) and
particle count as a function of time that were estimated from
the captured images. The combined data from the different L/S
ratio experiments are presented in Fig. 6, with vertical lines
indicating the separate experiments. Except for L/S ratio of
0.15 and 0.2, the increase in the measured granule size with
higher liquid content is detectable by the camera. Figure 5a, b
corresponds to L/S ratio of 0.15 and 0.2, respectively. The
granules captured in Fig. 5b appear blurry and out of focus,
which is the likely cause for the reduced distinction between
the sizes measured at L/S ratio of 0.15 and 0.2. In contrast to
granule size parameters, the change in particle count with
increasing the L/S ratio follows a more consistent trend as
illustrated in Fig. 6. The higher liquid content results in the
formation of more liquid bridges between the particles, there-
by increasing granule saturation [16]. As a result, granule
growth and reduction of particle count occur.

The variability of measurements at any given size param-
eter increases with the growth of granules as the L/S ratio
increases. Greater variability can also be seen at the larger

particle size end of the distribution, with the smallest variabil-
ity obtained for d10. As the percentile value increases to d50
and d90, there is growing leverage from larger granules on the
results because of the transformation of the number distribu-
tion into a volume distribution [13]. Larger granules are gen-
erally underrepresented in imaging techniques compared to
smaller granules because the probability of overlapping or
partial particles is higher in the larger size range compared
to the smaller size range. The overall fewer number of larger
particles also contributes to the measurement variability. Thus,
the larger particles will have a greater impact on measurement
variability upon converting a number to a volume count than
the smaller particles. The d10 value might thus be a better size
parameter to utilize for process monitoring and control than
d50 or d90. In addition to its being a relatively more stable
parameter, d10 is more sensitive to the level of fines, which
makes it a good indicator for a size enlargement process such
as granulation, especially for pharmaceutical granulation
where product granules less than 1 mm in size are preferred
and only limited granule growth is required.

Figure 7 illustrates the effect of L/S ratio on d50 measured
by both camera and sieving techniques for the three lactose
grades. A similar trend can be seen in both camera and sieve
data, where increasing the L/S ratio increases the granule size.
The nominal values obtained by the camera and sieve methods
are different owing to the unique measurement technique in
each case. The camera measures size of wet granules nonin-
vasively based on a number distribution. In contrast, sieving is
a mass-based size analysis technique performed in this case by

A B

2.1cm

24 cm

6 cm

Fig. 4 Design of sample holder
(a) and a representative image
depicting the range of granule
sizes captured by the camera (b)

A B C D E

Fig. 5 Representative images captured at L/S ratios of 0.15 (a), 0.2 (b), 0.25 (c), 0.3 (d), and 0.35 (e)
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vibrating dry granules. So, it is expected to find variation in
the measured granule size by each technique. In addition, the
error involved in converting a number to a mass distribution
can contribute to the dissimilarity in the values obtained in
each case [13]. However, demonstrating that the camera is
capable of detecting changes in the granule size in response to
process variation provides confidence in implementing this
technology for real-time process monitoring.

Despite the difference in the primary particle size of the
formulations, granule growth is reproducible within experi-
mental error across the three lactose grades used. The relative
robustness of the TSG process to formulation changes ob-
served here compared to other wet granulation processes
agrees with a previous work [6]. The effect of L/S ratio on
particle count measured by the camera for the three lactose
grades is illustrated in Fig. 8. As expected, the addition of

more liquid during the granulation process binds the particles
together and consequently reduces the particle count. It is
interesting to note that the formulation containing the
pharmatose grade demonstrates a significantly higher particle
count at L/S ratios of 0.15 and 0.2 compared to the other two
grades. As the L/S ratio gets higher, the three grades of lactose
display a similar number of particles. The observed difference
in particle count at the lower L/S ratios can be attributed to the
smaller particle size of pharmatose compared to impalpable
and SuperTab grades. Since lactose represents ∼75 % of the
formulation, its primary particle size is likely to be more
dominant in the collected images than the other ingredients.
As a result, the particle count of the pharmatose formulation is
higher than the other two grades and is clearly captured by the
camera. The particle count data highlight the sensitivity of this
parameter to formulation and process variables, indicating its

L/S = 0.15 L/S = 0.2 L/S = 0.25 L/S = 0.3 L/S = 0.35
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Fig. 6 Changes in granule size
and particle count over time
with the increase in L/S ratio
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potential use as a quality attribute for process monitoring and
control. The advantage of using this characteristic is that it is
directly measured by the camera unlike the particle size pa-
rameters, d10, d50, and d90, which are obtained from the
number to volume conversion. However, relying solely on
particle count in monitoring a complex process like wet gran-
ulation is not adequate. Using both particle count and the
optimum size parameter in concert provides more quality
assurance and is also beneficial in developing effective design
spaces for process operation than one parameter only.

Sensitivity to Process Perturbations

The effect of L/S ratio on granule size and particle count is
established from the individual experiments conducted at each
level. In this section, the sensitivity of the EyeconTM camera to
sudden changes in process variables is assessed by varying the
L/S ratio. The ultimate goal is to establish the suitability of
using this sensor for process control through detecting distur-
bances or set point changes that might take place during the
process. Another important goal is to compare the effectiveness

of the different granule characteristics such as size and count in
detecting the changes in the process.
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Figure 9 illustrates the process profile captured by the
EyeconTM camera upon changing the L/S ratio between 0.2
and 0.3 while the process is running. The process profile is
represented in terms of size parameters and particle count. The
vertical lines indicate the onset of step change in L/S ratio. The
process signature changes with the step change in L/S ratio
and is qualitatively captured by the different parameters
displayed in Fig. 9. The variability is again lower for particle
count and d10 compared to d50 and d90 as described
previously.

In contrast to qualitative displays of process trends, quan-
titative assessment of the state of a process based on changes
in product attributes will provide a more practical approach
for controlling the process. Shewhart control charts are
powerful statistical tools for measuring the degree of pro-
cess variation using variable or attribute data [17]. Further-
more, they are valuable in assessing the impact of an
intervention in bringing the quality characteristic back with-
in the control limits. Constructing a chart for process control
purposes requires setting the process control limits beyond
which the process is deemed to be out of control. Ideally, the
upper and lower control limits are estimated based on the
known degree of random variation in the process, which can
be obtained from historical data of a stable process. The
upper control limit (UCL), centerline (CL), and lower con-
trol limit (LCL) are calculated according to the following
equations:

UCL ¼ bμY þ 3 bσYffiffi
n

p

CL ¼ bμY

LCL ¼ bμY � 3 bσYffiffi
n

p

where bμY and bσY are the estimates for the mean and standard
deviation, respectively, and n is the sample size.

The mean chart X
� �

is used for tracking the extent of
change in the process mean upon intentional process pertur-
bation. The limits for the process at 400 rpm and L/S ratio of
0.3 are set based on the estimated mean and standard deviation
values extracted from the granule growth process data for the
impalpable grade formulation (Fig. 6). The sample size (n) in
the equations for UCL and LCL is set to 5. A fundamental
assumption underlying the application of control charts is that
the data points in the time series are independent [17]. Using
control charts to plot autocorrelated data may mistakenly
imply that a stable process is out of control. Statistical analysis
of the time series data shows that autocorrelation is not sig-
nificant (p>0.05). The different size parameters (d10, d50, and
d90) as well as particle count are used as quality attributes to
evaluate the potential of implementing one or more of them
for prospective process control.

The X
� �

charts for d10, d50, d90, and particle count are
illustrated in Fig. 10a–d. The data output from the camera is
plotted as a time series in each case. In Fig. 10a, the d10 data

fall within the UCL and LCL during the controlled phase in
which the liquid feed rate is maintained at an L/S ratio of 0.3. In
contrast, decreasing the L/S ratio to 0.2 produces more fines,
thereby lowering the d10 value below the LCL and shifting the
process out of control. Similarly, monitoring particle count
facilitates the detection of process shifts in response to changes
in L/S ratio as can be seen in Fig. 10d. In fact, particle count
appears to be the most sensitive parameter to process shifts,
which is apparent from the tight control limits and significant
difference in particle count between the two settings.

In contrast, the higher magnitude of variation embedded in
the calculated d50 and d90 data hinders their use as quality
characteristics for monitoring and controlling the TSG pro-
cess. The data in Fig. 10b, c show that most of the process data
fall within the control limits, despite known disruptions to the
routine operation of the process. Using parameters like d50 and
d90 will increase the risk of type II error (β), in which the
process goes out of control without being detected [17]. The
goal is to maintain the process in a state of statistical control.
The results of statistical process analysis are consistent with
our earlier observations on the data and provide support for
the choice of quality attributes in process monitoring.

Conclusions

In this work, a risk-based approach was adopted for assessing
the feasibility of using the EyeconTM camera for continuous
monitoring of a twin screw granulation process. The process
was monitored under steady-state conditions to verify the
quality of the data collected by the camera. The granule size
results from the camera were consistent with sieve measure-
ments. Subsequently, intentional process perturbations were
imposed to ensure the camera’s ability to detect changes in
product quality attributes. Despite the challenges ofmonitoring
a broad size granule size distribution typically obtained with a
TSG process, the EyeconTM camera demonstrated sensitivity
to changes in product characteristics such as granule size and
particle count upon changing process parameters. Statistical
process control tools provided quantitative means of compar-
ing the performance of different quality attributes for future
process monitoring. The particle count and d10 were the opti-
mum particle characteristics for real-time process monitoring
and control purposes. It is our expectation that future optimi-
zation of the GSD characteristics obtained from the TSG
process would further enhance the quality of data collected
using the camera, therebyminimizing false out of specification
results and facilitating process control endeavors.
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