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Abstract
Purpose In continuous manufacturing of pharmaceuticals, dry granulation is of interest because of its large throughput capacity
and energy efficiency. In order to manufacture solid oral dosage forms continuously, valid control strategies for critical quality
attributes should be established. To this date, there are no published control strategies for granule size distribution in continuous
dry granulation.
Methods In-line laser diffraction was used to determine the size of granules in a continuous roll compaction/dry granulation line
(QbCon® dry). Different process parameters were evaluated regarding their influences on granule size. The identified critical
process parameters were then incorporated into control strategies. The uncontrolled and the controlled processes were compared
based on the resulting granule size. In both processes, a process parameter was changed to induce a shift in median particle size
and the controller had to counteract this shift.
Results In principle, all process parameters that affect the median particle size could also be used to control the particle size in a
dry granulation process. The sieve impeller speed was found to be well suited to control the median particle size as it reacts fast
and can be controlled independently of the throughput or material.
Conclusion The median particle size in continuous roll compaction can be controlled by adjusting process parameters depending
on real-time granule size measurements. The method has to be validated and explored further to identify critical requirements to
the material and environmental conditions.

Keywords Continuous manufacturing . Roll compaction/dry granulation . Process analytical technologies . Laser diffraction .

Process control . Feedback control

Introduction

Continuousmanufacturing (CM) in the production of pharma-
ceutical solid oral dosage forms is characterized by the con-
nection of individual processes into one line, ideally from raw
excipients and active pharmaceutical ingredient (API) to final

dosage form. Potentials of this production concept include
higher flexibility of production volume and time as well as
increased quality due to tight monitoring and control strategies
[1–4]. Regulatory agencies and the International Council of
Harmonization (ICH) have shown support of this approach
[5–11]. A new guideline, ICH Q13, is currently developed
for continuous manufacturing processes [12]. However, mon-
itoring and control strategies have to be developed by the
manufacturers prior to taking advantage of this manufacturing
technique. High priority is set to process-analytical technolo-
gies (PAT) which aim at executing timely (in-line or on-line)
measurements and determining critical quality attributes
(CQA) [13]. As described by the U.S. FDA, in-line measure-
ments are characterized by the sample not being removed
from the process [6]. Using this concept, time and resources
can be drastically reduced. As a necessary premise, traditional
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characterization techniques (e.g. particle size or API concen-
tration determination) have to be transferred to robust real-
time measurements [14].

While direct compression is the favorable process in con-
tinuous manufacturing, it is not always possible due to the raw
materials properties (especially poor flow properties or segre-
gation issues of powder material). Therefore, a granulation
step might be needed prior to tableting. The manufacturing
classification system (MCS) is a joint effort from academic
and industrial technology experts to rank the feasibility of
pharmaceutical processing routes for solid dosage forms. It
ranks roll compaction/dry granulation (RCDG) as the granu-
lation method of choice, if direct compression is not possible
[15]. It is favorable due to its natural continuity, large through-
put possibilities and energy efficiency [16]. It is however not
suitable for all formulations as the capability of improving the
flow properties is limited based on the large amount of fines in
the final granules and the undesired effect of reduced
tabletability that is well described in literature [17–19]. A
CQA in granulation is the granule size distribution (GSD) of
the granulatedmaterial [20, 21].While there are multiple mea-
surement principles and apparatuses, most of them are set up
in a discontinuous way and do not allow continuous GSD-
determination. However, due to the growing interest there
have been reports of continuous size determination in the pro-
duction of pharmaceuticals [22–27]. Size determination has
proven to be challenging in continuous RCDG due to the high
throughput, the bimodal size distribution with a large fraction
of fines and the inhomogeneous product stream [28–32]. The
use of laser diffraction, as a non-invasive, in- and on-line
technique to monitor the GSD during continuous RCDG
was recently published [33].

However, monitoring is only the first step to a process
control strategy. To develop a control strategy, a CQA has
to be adequately measured first. Afterwards, it is necessary
to determine a specification window for the CQA and to find
a process parameter that can be controlled which affects the
CQA in a desired way. It is well known that the specific
compaction force (SCF) and gap width affect the GSD of
dry granulated material [34]. However, especially the SCF is
a key critical process parameter (CPP) that affects further
properties (e.g. hardness [35], porosity [36, 37] and through-
put [38] if only the SCF is changed).

Singh et al. (2012) [39] mentioned that the particle size in
continuous RCDG could be controlled by adjusting the mill-
ing speed of the granulation unit. This claim was statistically
analyzed by Mangal et al. in 2018 [40]. The group confirmed
that the impeller speed of a conical sieve in the milling unit of
a roll compactor has significant impact on the median particle
size and the amount of fines. This was evaluated for three
different raw materials and two formulations containing ibu-
profen and acetaminophen as active pharmaceutical ingredient
(API). Mangal claimed that high impeller speeds should be

avoided as it could lead to large amount of fines and slow
speeds could bear issues in milling the material in adequate
time. However, these claims were not backed with data and
should be evaluated further.

For a CPP that influences the granule size, it should be
possible to program a controller to react to changes in the
desired CQA by adjusting the chosen process parameter.
Examples of PAT-controllers in pharmaceutical manufactur-
ing, e.g. in fluidized bed processes, can be found in literature
[41, 42].

The aim of this study was to advance the previously pub-
lished monitoring strategy for GSD in continuous dry granu-
lation to a control strategy [33]. The proof of principle was
supposed to be given for various parameters to be controlled.
Therefore, process parameters in RCDG were evaluated for
their suitability as control valves. Controller parameters and
data analysis were optimized to evaluate the applicability in
industrial manufacturing. Implementing a control strategy for
granule size in continuous granulation is the next step in the
continuous process of implementing advanced manufacturing
techniques in the pharmaceutical industry.

Materials and Methods

Materials

Microcrystalline cellulose (MCC, Vivapur® 102, JRS
Pharma, Germany) was used as a plastically deforming excip-
ient in experiments studying varying process parameters.

For various experiments, magnesium stearate (Parteck
LUB MST, Merck, Germany) was added at 1% for lubrica-
tion. To avoid sticking of the material to the rolls, magnesium
stearate was mixed with formulation components in a bin
blender (LM 40, L.B. Bohle Maschinen + Verfahren GmbH,
Germany) for 3 min at 20 rpm. In some experiments the be-
havior of over-lubricated mixtures was studied. These were
produced by increasing the mixing time to 20 min.

For studies using an API in a formulation, 25% Diclofenac
(Amoli Organics Pvt. Ltd., India), 60% MCC and 14% anhy-
drous β-lactose (SuperTab® 21AN, DFE Pharma, Germany)
were blended for 20 min at 20 rpm. Afterwards, 1%
magnesium-stearate was added and blended for another 3 min.

Continuous Roll Compaction/Dry Granulation

A QbCon© dry CM-line was used for all experiments. It was
equipped with a small-scale roll compactor (BRC 25, L.B.
Bohle Maschinen + Verfahren GmbH, Germany). A 360°
rotating conical sieve was implemented as granulation unit
and comprised a 1.0 mm rasp sieve (BTS 100, L.B. Bohle
Maschinen + Verfahren GmbH, Germany). Knurled surface
rolls and a hybrid sealing system were used for all
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experiments. 2 rpm roll speed was set for all experiments.
Material was refilled manually. A suction shoe was mounted
below the roll compactor outlet and attached to a plastic hose
(see Fig. 1, points 7 and 8). The hose was linked to a vacuum
receiver (Volkmann GmbH, Soest, Germany) and the applied
vacuum continuously transported the granules through the
laser diffraction system into a collection vessel. If the fill vol-
ume exceeded a capacity maximum, the vacuum receiver
stopped for ten seconds, the vessel was emptied and after-
wards conveyance continued.

Based on their impact on the resulting GSD, several process
parameters were evaluated in this study. The impeller speed of
the granulation unit can be varied between 0 and 900 rpm. To
determine its effect on particle size, the full spectrum was eval-
uated in increments of 100 rpm. The SCF to be evaluated were
chosen based on literature. Wiedey et al. applied SCF between 2
and 10 kN/cm to MCC in a study, which was designed to cover
all feasible SCF generating a stable process [34]. As tensile
strength values of the resulting tablets decrease at increasing
SCF, which could result in tablets of insufficient strength, values
of SCF between 2 and 6 kN/cm were chosen in this study.
Inducing a process instability (e.g. a change in SCF) will affect
the stability of the gap width during compaction. These changes
will trigger a gap width fluctuation of up to 1 mm, while in a
constant process, the fluctuation can be below 0.1 mm [33].
Therefore, gap with between 1.5 and 2.5 mm were explored in
the scope of this study.

Granule Size Determination Using Laser Diffraction

An in-line laser diffraction system (Insitec© T, Malvern
Panalytical, UK) was instrumented (see Fig. 1, point 9).

The hose attached to the outlet of the roll compactor
lead the material through the installation before reaching
the collection vessel. As no material is diverted for
analysis and the complete product stream is led through
the laser diffraction system, the set-up is classified as
in-line. As the laser diffraction system is implemented
in the pneumatic transport system and there is no direct
contact to the granules, it is a non-invasive technique.
The system can analyze particles up to a diameter of
1600 μm. It contains a lens of 500 mm focal length, a
laser (red, 670 nm) with a 10.0 mm beam waist, a
circular detector comprising 33 detector plates and a
scan rate of 2000 Hz. The system logged the GSD data
with a frequency of 0.2 Hz equaling to a displayed
value every 5 s, which comprised 10,000 individual
scans. Raw data was tracked and exported using
RTSizer© software (Malvern Panalytical, UK). To avoid
lens fouling a constant stream of pressured air was
inserted on both lenses (10 Nm3/h) and drained off to-
gether with the material stream.

Process Control

The granule size data was logged with MalvernLink© soft-
ware (MalvernPanalytical, UK) and synchronized via OPC
UA to a SCADA server (L.B. Bohle Maschinen + Verfahren
GmbH, Germany). Individual values of transmission as well
as characteristic quantiles (D25, D50, D75, D90) were trans-
mitted. Furthermore, moving average (90 s) values were trans-
mitted for all of the named parameters. The moving average
over 90 s was chosen as GSD parameter to be controlled in
order to smoothen the natural fluctuations.

A proportional-integral (PI) controller was programmed to
compare the current value with the set-point value, calculate
the error and generate a response. The formula of a PI-
controller is shown in eq. 1. The control signal addressed to
the actuator (c) is calculated [43].

c ¼ c0 þ Kc eþ 1

Ti
∫10e τð Þdτ

� �
ð1Þ

c0 is a constant controller bias (or null signal) which assures
a smooth transition from turning on the controller. Typically,
it equals c at the time point of turning on the controller. e
represents the current error (current value – set point) at time
point τ. Kc (gain-factor) and Ti (integral time) could be varied
for optimization of the controller. They characterize the pro-
portional and integral part of the controller respectively [43].
The desired particle size value was entered in the software.
Three controllers were programmed, each controlling a differ-
ent process parameter (SCF, gap width and impeller speed of
the milling unit). Kc and Ti values are listed with every exper-
iment in the Results section.

Fig. 1 Experimental set-up 1) powder inlet, 2) feeding auger, 3) tamping
auger, 4) rolls, 5) scraper, 6) conical sieve, 7) suction shoe, 8) plastic hose,
9) laser diffraction system
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Data Treatment

For evaluation of possible control variables, GSD data was
logged every 5 s. Depending on run-time during the experi-
ment, 48 to 72 values were logged corresponding to experi-
mental run times between 4 to 6 min. If a run was executed 3
times and lasted 6 min each, the amount of data points is
specified as n = 3 × 72.

For analysis of a continuous process, the RCDG process
parameters and the GSD data were logged together every sec-
ond. For time against parameter graphs the 90 s moving aver-
age for GSD data is plotted. The process parameters are plot-
ted as individual, non-smoothed values (n = 1).

To evaluate the distribution of GSD values in one process,
a density against particle size plot was chosen. All GSD values
recorded over the time span of the experiment were normal-
ized to the desired set-point that was chosen for the experi-
ment. Afterwards, the density of each relative particle size
(D50/D50mean) was estimated using kernel density estimation
and plotted. The data analysis was performed using functions
of Pythons Pandas library (python 3.8, python.org; Pandas 1.
1.0, pandas.pydata.org).

Results and Discussion

Determination of Suitable Control Variables for
Different Material Types

The effect of varying CPPs on GSD was evaluated using
MCC and a formulation containing Diclofenac. As mentioned
in the introduction, Mangal et al. reported that increasing the
impeller speed decreases the particle size of granules [40]. In
their work, the factor space was limited to 300, 600 and
900 rpm impeller speed. To develop a control strategy based
on this effect, it was analyzed in more detail for this work.
Therefore, the impeller speed was increased from 100 rpm to
900 rpm in 100 rpm intervals and the resulting granule size
was measured. Before each measurement, the sieve was
vacuumed to be empty and the measurement was started when
the system was in equilibrium. Every individual measurement
lasted 4–6 min (48–72 individual values). Results are shown
in Fig. 2.

In contrast to Mangal [40], the effect of the impeller speed
on particle size was not found to be solely a decrease in par-
ticle size at increasing impeller speeds. Amaximum in particle
size was observed at 300–500 rpm. Decreasing and increasing
the impeller speed from there decreased the granule size pa-
rameters. With the experimental settings chosen by Mangal,
this effect could not be visible in the statistical design of ex-
periment chosen.

Figure 2 b) clearly shows a large variation at different im-
peller speeds for MCC compacted at 4 kN/cm. In Fig. 2 d), the

6 repetitions are shown individually. For every individual
measurement, the curve has an inverted u-shape with a max-
imum for D50. However, the absolute values differ.

A possible explanation, as MCC is a hygroscopic material,
could be the varying air humidity in the laboratory facility.
The effect of moisture content on MCC characteristic proper-
ties was extensively studied by Sun [44, 45]. In one of the
studies, MCC was equilibrated between 0 and 84.3% RH.
Afterwards, compressibility plots of the materials were com-
pared. If the monolayer water coverage was exceeded (26%
RH at 25 °C), the compressibility plots depended on water
content of MCC. A higher water content of MCC led to a
reduced porosity and a faster approach to zero porosity at
increasing pressure [44].

As the compressibility plot describes the change in porosity
upon pressure, this variety can also be applicable to the roll
compaction process. The temperature was controlled at 23 °C.
However, air humidity was not controlled. In Fig. 2 d), the
empty triangles were recorded at 37% RH while the results
plotted as empty circles were recorded at 50% RH. It is pos-
sible that the monolayer water coverage was exceeded for
parts or all of the material, however, measurements were not
performed. Therefore, in accordance with the research by Sun,
during the experiment at 50% RH, MCC was compressed to a
ribbon showing less porosity compared to the experiment con-
ducted at 37%RH. The observed differences in resulting gran-
ule sizes are then plausible [34]. For the results plotted as filled
circles, the relative humidity was not tracked. It is recom-
mended to perform experiments in a temperature and air
humidity-controlled environment and track these values if
they cannot be controlled. For the research presented in this
work, the results meant that absolute particle sizes registered
have to be analyzed in accordance with the day experiments
were conducted. Figure 2 c) shows the results for a formula-
tion containing Diclofenac as API. The curves have a similar
shape as those of pure MCC. The values in Fig. 2 c) were,
opposed to Fig. 2 a) and b), recorded on a single day.

ANOVA was performed and results are shown in Table 1.
For MCC compacted at 2 and 4 kN/cm trends were observed,
but it could not be stated with statistical significance that the
impeller speed has any effect on granule size. For the
Diclofenac formulation, all three granule size values are sig-
nificantly impacted by impeller speed. For individual mea-
surement runs (Fig. 4 d)) the statistical analysis could not be
performed as individual values of n = 1 cannot be statistically
analyzed comparably. The insufficient repeatability for MCC
compacted at 4 kN/cm has to be evaluated further in future
research.

For controlling the granule size by adjusting the impeller
speed of the milling unit, a direction of action has to be de-
fined. Therefore, the impeller speed controller was limited to
either 100–400 rpm or 400–900 rpm and the direction
(increasing or decreasing the impeller speed at deviation
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from set-point) was defined by using a positive or a negative
Kc-value.

It can be seen in Fig. 2 that the impact of impeller speed on
particle size is limited, as the slopes of the increasing and
decreasing part of the curve is low. As known from literature,
the CPPs SCF and gap width have an impact on the resulting
granule sizes. In scope of this work, the impact of both pa-
rameters on the resulting median particle size (D50) was mea-
sured using in-line laser diffraction for MCC as excipient
(Fig. 3).

In conclusion, impeller speed, gap width and SCF are CPP
that impact the resulting granule size. Based on these results,
there needs to be a proof that this behavior can be used to
control a process in accordance with granule size. There was
no impact of impeller speed on the granule size at low SCF (2
kN/cm, see Table 1). At 4 kN/cm, the impact was visible for
individual measurement runs, however, insufficient repeat-
ability impacts a general conclusion. The decision, which

process parameter is suited to control the granule size must
be evaluated carefully prior to implementing the control loop.

Controlling a Process with an Unstable Gap Width –
Impeller Speed Controller

A change in gap width leads to a change in resulting particle
size (Fig. 3 b). An unstable gap can be the result of poorly
flowing materials for which even feeding is difficult. It was
evaluated whether the control tool can counteract the changes
in GSD caused by an unstable gap. Therefore, in a reference
experiment, MCC was compacted at 2 kN/cm SCF, 800 rpm
impeller speed and 2 mm gap width for 15 min. After 15 min
the gap width was increased to 2.5 mm at otherwise constant
process parameters. Results can be seen in Fig. 4 a). As ex-
pected, the D50 values that are registered dropped after an
increase in gap width. During the first 15 min, at 2.0 mm
gap width, the average D50 value recorded was 440 μm.
Therefore, 440 μm was chosen as set-point for the experi-
ments under controlled conditions (horizontal dashed lines
in Fig. 4). Figures 4 b) and c) show results of the same exper-
imental set-up but with a controlled impeller speed. The two
experiments differ in the proportional controller gain (Kc). The
controller set at Kc = −1.0 is more aggressive than the one set
at Kc = −0.5.

In both cases, the drop in particle size can be counteracted
by the controller adjusting the impeller speed (Fig. 4 d)). To
evaluate the effect in more detail, the density against relative
particle size plot is shown in Fig. 5. In the uncontrolled pro-
cess, the density curve shows a bimodal shape indicating that
two particle sizes are dominant. One is located at 1 (= 440 μm)
and the second one is located at about 0.86 (≈ 378 μm). Based
on the experimental procedure and results (Fig. 4 a)) it is
obvious that the first peak at 1 indicates the average particle
size at 2.0 mm gap width while the second peak can be

Fig. 2 GSD parameters against
impeller speed. a), b) and c):
black = D90; gray = D75; light
gray =D50. a) MCC, 2 kN/cm;
n = 3 × 72; mean ± sd. b) MCC, 4
kN/cm; n = 6 × 48–72; mean ± sd.
c) Diclofenac formulation, 7 kN/
cm; n = 3 × 48; mean ± sd. d) in-
dividual D50-values forMCC at 4
kN/cm. Each symbol represents
an individual experiment. Each
data point n = 48–72; mean

Table 1 Results of ANOVA for data shown in Fig. 2 a) – c). Diclo =
Diclofenac formulation; DF = degrees of freedom; SSQ = sum of squares;
Mean Sq =mean sum of squares; F emp = calculated F-value; p value =
calculated p value

SCF material Dx [μm] DF SSQ Mean Sq F emp p value

2 MCC 50 8 5761.5 720.2 2.236 0.0745

75 8 19,051.3 2381.4 1.755 0.1531

90 8 9538.6 1192.3 1.515 0.2204

4 50 8 95,940.5 11,992.6 1.775 0.1088

75 8 45,001.6 5625.2 0.315 0.9563

90 8 17,437.3 2179.7 0.193 0.9904

7 Diclo 50 8 158,137.5 19,767.2 13.626 < 0.0001

75 8 163,348.6 20,418.6 6.936 0.0007

90 8 35,913.9 4489.2 5.480 0.0023
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attributed to compacting the material at 2.5 mm gap width.
When the process is controlled, the peak at 0.86 relative par-
ticle size is no longer visible. The curves show a slightly
different shape, as the more aggressive controller tends to
over- and under-shoot leading to a bimodal shape slightly
above and below 1. The less aggressive controller has a
mono-modal curve shape centered at 1, as desired. However,
it has a broader distribution ranging from 0.85 to 1.13. The
initial drop in particle size that triggered the controller re-
sponse can be seen approximately at 0.95 relative particle size.

In Fig. 4 b) and c), the sieve speed drops to the minimum of
400 rpm on two occasions each. This is a result of the exper-
imental set-up (see section II.2. Continuous roll compaction/
dry granulation) and the collection vessel in which all material
is collected. If the fill level of the vessel reaches a threshold,
the vessel is emptied. For this process, the pneumatic transport
of material is interrupted for approximately 10 s. Therefore,
for two individual measurements, no granule sizes can be
measured, as no granules pass through the laser beam.
Unfortunately, on these occasions, a D50 value of 0 μm is

transmitted to the SCADA server. The sudden decrease is
D50 value leads to an increased error e and triggers a large
control signal c to the actuator. In this case, a sudden drop in
impeller speed occurs (see eq. 1). As pneumatic conveyance
restarts after emptying of the vessel, the impeller speed re-
covers. However, this sudden change in impeller speed can
trigger a change in particle size. Therefore, the system is not
directly in equilibrium after conveyance restarts. This issue
was also addressed in previous research [33]. Programming
the software to transmit a blank value instead of 0μmwhen no
particles were measured, a larger collection vessel or
implementing a rotary valve instead of the vessel are reason-
able adjustments that will solve the current issue and should
be implemented in further experiments.

Controlling a Process with an Unstable Gap Width –
SCF Controller

It was assumed that an increase in gap width and the following
drop in granule size can also be counteracted by controlling

Fig. 3 Median particle size (D50)
against a) SCF (constant roll
speed = 2 rpm, gap width =
2.0 mm and impeller speed =
800 rpm) and b) gap width (con-
stant roll speed = 2 rpm, SCF =
4.0 kN/cm and impeller speed =
800 rpm) for MCC. Each point
n = 1 × 72; mean ± sd

Fig. 4 Plot of D50 and impeller
speed against time. a)
uncontrolled process b) controlled
at 440 μm, Kc = −0.5, Ti = 10.0 s
c) controlled at 440 μm, Kc =
−1.0, Ti = 10.0 s d) D50 values of
experiments a) – c) combined. a)
– c) black = D50, gray = impeller
speed, horizontally dashed =
440 μm set-point, vertically
dashed = gap width change d)
black = uncontrolled, dark gray =
controlled, Kc = −0.5, Ti = 10.0 s,
light gray = controlled, Kc = −0.5,
Ti = 10.0 s. Each data point n = 1;
in-line data
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the SCF. This was proven by repeating the experiments as
shown in section II.2 (Controlling a process with an unstable
gap width – impeller speed controller) and utilizing an SCF
controller instead of an impeller speed controller. The impeller
speed was constant at 800 rpm. Results are shown in Fig. 6.

As experiments were conducted on the same day, the same
data for the uncontrolled process could be used (Fig. 6 a) and
Fig. 4 a)). As expected, after increasing the gap width, the SCF
of the systems needs to be increased in order to counteract the
drop in granule size. The effect of the controller is clearly
visible (Fig. 6 b) - d)). As explained in the introduction, chang-
ing the SCF during the process is not favorable. In this exper-
iment, the SCF was varied between approximately 4 and 5.8
kN/cm. This will impact other CQA of the granules, which is
not intended.

Controlling a Process with an Unstable SCF – Gap
Width Controller

To evaluate the gap width controller, the experiment had to be
adjusted. In a similar manner as discussed before, the SCFwas
changed after 15 min to stimulate a drop in particle size. As
the SCF is a tightly controlled CPP, a drop in SCF is unusual
during granulation. However, it was used in this case to gen-
erate a drop in granule size and to test the principle of using a
gap width controller to control the GSD. To evaluate the re-
sults in comparison with another control valve, the drop in
SCF was also counteracted by using a impeller speed control-
ler as presented in section III.2 (controlling a process with an
unstable gap width – impeller speed controller). Results are
shown in Figs. 7 and 8.

Changing the SCF from 4 to 3.5 kN/cm led to a drop in
the D50 parameter. However, the drop was not as pro-
nounced as in the previous experiments (median particle
size decreased from approximately 430 μm to 400 μm).
The density distribution of the uncontrolled process (gray
in Fig. 8 a) shows a peak at 1.0 relative particle size and
then a crooked curve along lower relative particle sizes
but no sharp second peak. The controlled process was
able to produce granules with a mono-modal D50-density
curve. Controlling the gap width (Fig. 7 c) and d)) led to
satisfying results using a controller with a Kc value of
−0.0003 and Ti value of 10.0 s. The phase shift in reaction
is visible in the D50/gap width against time plot (Fig. 7 c)
and d)). This shift is visible due to the comparably longer
time the change in gap width needs to have an effect on
the D50 value. At more aggressive controller settings
(Kc = −0.0006 and Ti = 10.0 s), this led to large over

Fig. 5 Density against relative particle size for the experiments shown in
Fig. 4 a) – c). Each plot n = 1; in-line data

Fig. 6 Plot of D50 and SCF
against time. a) uncontrolled
process b) controlled at 440 μm,
Kc = 0.001, Ti = 10.0 s c) D50
values of experiments a) and b)
combined. d) density against
relative particle size plot for
uncontrolled (gray) and SCF
controlled (black) experiments a)
and b) black = D50, gray = SCF,
horizontally dashed = 440 μm
set-point, vertically dashed = gap
width change. Each data point
n = 1; in-line data
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and undershoots of gap width and particle size (Fig. 7 d)
and a density curve that is similarly crooked than the
uncontrolled one (Fig. 8 b), medium gray curve).

In principle, the gap width can be used to control the D50
parameter in continuous RCDG. However, due to a long re-
sponse time the controller settings must be carefully evaluated
and the risk of over and undershooting is potentially larger
than for the impeller speed and SCF controller. This is
underlined by the fact that the impeller speed controller gen-
erates D50-density curves with a monomodal shape that is
distinctively narrower than both gap width controllers.
Furthermore, in controlling the SCF of the roller compactor,
the gap width is used as control valve (PID controller, Kc =
0.0072, Ti = 2.0 s, Td = 0.007). Using the gap width as a
control valve for two parameters could lead to conflicts of
interest (setting the desired SCF and desired granule size at
the same time). Based on this and the results presented, it
appears unfavorable to utilize the gap width as control valve
albeit it was proven that in principle it is possible.

Controlling a Process with a Properly Lubricated and
an over-Lubricated Excipient Blend

It was previously reported that granulating an over-lubricated
formulation significantly decreases the particle size compared
to the same formulation with proper lubrication [33]. Within
the scope of this work, it was evaluated whether the control-
lers can counteract this drop in particle size. Therefore, MCC
was blended with 1%Magnesium-stearate, 3 min at 20 rpm to
form a properly lubricated mixture and 20 min at 20 rpm to
form an over-lubricated mixture. The properly lubricated ma-
terial was granulated first. Then, the over-lubricated mixture
was poured into the powder inlet unit. It was waited until the
hopper was almost completely empty and the feeding screw of
the roll compactor was visible before the over-lubricated mix-
ture was added. That way the extent of back-mixing between
two different materials was minimized.

Results are shown in Fig. 9. It is visible that shortly after the
over-lubricated mixture was poured into the roll compactor

Fig. 7 Plot of D50 and impeller
speed or gap width against time.
a) uncontrolled process b)
impeller speed controlled at
440 μm, Kc = −0.5, Ti = 10.0 s c)
gap width controlled at 440 μm,
Kc = −0.0003, Ti = 10.0 s d) gap
width controlled at 440 μm, Kc =
−0.0006, Ti = 10.0 s. black line =
D50, a) and b) gray = impeller
speed c) and d) gray = gap width,
a) - d) black = D50, horizontal
dashed line = set-point (440 μm),
vertical dashed line = change in
SCF (4 to 3.5 kN/cm). Each data
point n = 1; in-line data

Fig. 8 Density against relative
particle size for the experiments
shown in Fig. 9 a) – d). a) un-
controlled and sieve-speed con-
trolled density distribution b) un-
controlled and gap width con-
trolled density distribution. Each
plot n = 1; in-line data
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the D50 value decreased. If the impeller speed controller was
turned on, it reacted to the decreased particle size by lowering
the impeller speed until the minimum of 400 rpmwas reached.
For two SCFs, no effect of impeller speed on the particle size
could be registered. Therefore, in both cases, the impeller
speed controller was turned off and the SCF controller was
turned on. It reacted to the difference between set-point and
current value by increasing the SCF. In both cases, the particle
size then increased (Table 2).

In both cases, both controllers were unable to shift the
granule size back to its original value (Fig. 9 and Table 2).
The impeller speed controller had no effect on the granule size
of the over-lubricated formulation. The effect of magnesium
stearate in over-lubrication is well described in literature, al-
though to this day not fully understood [46–48]. During over-
lubrication, its main effect is the formation of friable ribbons
which show poor mechanical strength and almost disintegrate
to powder during milling. It is reasonable to assume that the
impeller speed has no effect on the particle size and that the
over-lubrication in itself determines the resulting particle size.
At increased SCF, the ribbon itself is compacted differently
and thereby a certain effect on the resulting granule size is
understandable. The large increase of SCF needed to increase
the D50-value relevantly underlines this.

Overall, granules that were produced from an over lubri-
cated powder mixture will not be suitable for further process-
ing. The principle of using an SCF controller to counteract the
drop in particle size further proofs the controller principle. It
also showed that not every excipient and formulation can be
controlled by adjusting the impeller speeds. Therefore,

recording the particle size at different impeller speeds (as
shown in Fig. 2) is an important preliminary experiment to
determine a formulations suitability to be impeller-controlled.

Conclusions

CPP that have an effect on the GSD can be used to control
the resulting granule size using feedback control loops.
The impeller speed is well suited to be used in control
loops as it can be directly set itself, independent from fur-
ther process parameters and has limited effect on further
CQA apart from the granule size. SCF and gap width are
parameters that, in principle, can be used to control a gran-
ulation process. However, their impact on further CQA and
the fact that they are controlled themselves impede this
usage. To determine, whether a material can be controlled,
it has to be checked, how sensitive the granule size reacts
to changes in the chosen control valve process parameter.
Limits of this control strategy include the large variability
that was seen experimentally and the limited impact of the
impeller speed on the granule size. The impact of air hu-
midity on various excipients in the laser diffraction system
should be evaluated. Additional experiments should be
conducted to evaluate, if there are additional factors that
could lead to insufficient reproducibility. Furthermore, ad-
vanced strategies to tune the controller should be imple-
mented to optimize the reaction and minimize material out
of the desired specification.

Table 2 D50-values during granulation of correct and over-lubricated MCC. n = 1; mean

SCF Average D50 with correct lubrication Average D50 with over-lubrification Max D50 at increased SCF

2 kN/cm 313 μm 162 μm 286 μm / 8 kN/cm

4 kN/cm 429 μm 208 μm 246 μm / 7 kN/cm

Fig. 9 Plot of D50 (black), impeller speed (black dotted) and SCF (gray)
against time. a) SCF = 2 kN/cm b) SCF = 4 kN/cm. First vertical dashed
line = addition of the over lubricated mixture, second vertical line = the

controller of the impeller speedwas turned on, third vertical dashed line =
the impeller speed controller was turned off and the SCF controller was
turned on. Each data point n = 1; in-line data
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