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Abstract: Background: Precise continuous feeding of active pharmaceutical ingredients (APIs) and
excipients is crucial in a continuous powder-to-tablet manufacturing setup, as any inconsistency can
affect the final tablet quality. Method: This study investigated the impact of various materials on the
performance of a continuous twin-screw loss-in-weight (LIW) feeder. The materials tested included
spray-dried lactose, anhydrous lactose, granulated lactose, microcrystalline cellulose (MCC), an MCC-
lactose preblend (50%:50% w/w ratio), and a co-processed excipient (lactose-lactitol at a 95%:5%
w/w ratio). The feeding performance of these excipients was systematically assessed, focusing on
powder densification and screw layering within the LIW feeder. Results: The results demonstrated
densification for the spray-dried lactose and preblend. Densification was more pronounced during
the initial feeding cycles for spray-dried lactose, but decreased gradually over time. In contrast, the
densification remained relatively constant throughout the feeding process for the preblend. Notably,
minor screw layering was observed for both spray-dried lactose and anhydrous lactose, with the
extent of this issue reducing over time for the spray-dried lactose. Interestingly, granulated lactose
grades did not show screw layering, making them preferable for blending with APIs prone to severe
screw layering. The LIW feeder control system successfully managed powder densification and
minor screw layering, maintaining the mass flow rate at the set point for all investigated materials.
Conclusions: These findings inform the selection of optimal excipients, appropriate tooling for LIW
feeders, and the enhancement of control strategies to shorten startup times. By addressing these
factors, the precision and reliability of continuous feeding processes can be improved.

Keywords: continuous feeding; loss-in-weight (LIW) feeder; screw layering; densification; feed factor
variation; API; excipient; lactose; preblend; co-processed

1. Introduction

Throughout history, continuous production has revolutionized industries, making
goods quickly and efficiently. While initially embraced slowly, continuous manufacturing
(CM) is steadily gaining momentum in the pharmaceutical industry, aided by FDA and
other regulatory support and guidelines [1-3]. CM enables faster production with lower
operating cost, modular manufacturing, and better monitoring and control over individual
processes, and therefore more consistent product quality [4-7].

One significant advantage lies in CM’s integration with process analytical technol-
ogy (PAT), enabling real-time release testing (RTRT) [8-11]. This allows products to be
swiftly released on the market after production, a critical necessity to avoid drug product
shortages [5], especially in catastrophic situations (i.e., the COVID-19 pandemic in 2020).
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Furthermore, CM provides enhanced scalability [5,12,13]. In view of these advantages, it is
crucial to recognize that embracing CM technology is vital for maintaining competitiveness
and efficiency in pharmaceutical manufacturing.

Adopting CM requires a comprehensive understanding of the critical material at-
tributes (CMAs) or function-related characteristics (FRCs) of both the active pharmaceutical
ingredient (API) and excipients at every unit operation. Knowledge and predictive capabil-
ity regarding the scalability of materials, whether individual or in combination [14], tailored
to the specific unit operation, are essential for establishing a robust production process.

In CM, the production is uninterrupted, with unit operations such as feeding, blending,
granulation, and tableting or capsule filling all connected. Feeders play a critical role
in continuous manufacturing lines, as they deliver the formulation components to the
downstream process and finally to the final drug products. It is therefore important to
maintain a steady state in the feeding process, as any variation or inconsistency in feeding
can impact the quality of final drug products [15-18].

In continuous processes, blending unit operations are typically designed to reduce
variability and create a uniform blend. However, if the feeders fail to provide a consistent
flow, particularly with APISs, the blender may not be able to manage sudden fluctuations
effectively. Several studies have indicated that variability and disruptions during the
feeding operation can impact the performance of downstream unit operations and the
quality of the final product [19,20]. The success of the feeder in regulating powder flow
relies on the optimal setup of the feeder (type and tooling) and material properties such as
particle size, shape, and flow characteristics [21-25].

Loss-in-weight (LIW) feeders are commonly used to feed pharmaceutical powders [18,
26-30]. LIW feeders can operate in either volumetric or gravimetric mode [31,32]. In
volumetric mode, material is fed based on a fixed volume by running the feeder at a
constant screw speed. This mode is sensitive to changes in material density, which can lead
to variations in mass flow rate at constant screw speed. In gravimetric mode, however, the
feeder adjusts the screw speed to feed a constant mass of material, minimizing the impact
of density changes. The control system continuously measures the material weight in the
feeder over time during feeding in gravimetric mode. LIW feeders consist of a hopper for
the powder, a weighing platform with a load cell to measure the loss of powder in the
hopper for gravimetric control of the mass flow rate, and screws to transport the material
out of the hopper to the next unit operation. In a continuous feeder, the hopper is regularly
refilled with powder to maintain a suitable fill level for uninterrupted operation. The
periodic refilling can lead to densification of the powder at the hopper-screw interface,
increasing interparticle stress and causing overfeeding by forcing the powder into the screw
flights [22,33,34].

Particle size distribution (PSD) significantly influences the precision of feeding pro-
cesses. In materials with a wide PSD, smaller particles can fill the voids between larger
ones, resulting in increased bulk density (referred to as densification) [14]. This packing
effect alters flowability and mass flow rates, potentially leading to variations in material
discharge from the LIW feeder, particularly in volumetric mode (where flowability plays a
critical role in maintaining precise mass flow rates).

Powder densification in the hopper—screw zone poses challenges by altering mate-
rial flowability [35] and consistency in the continuous feeding process [22]. As powders
compact, their bulk density increases, disrupting uniform material feeding and causing
fluctuations in mass flow rates. This necessitates frequent screw speed adjustments to
maintain accuracy and can extend startup times, reducing overall process efficiency. Densi-
fication is typically not a concern in gravimetric mode feeding, as the control system adjusts
screw speed to maintain the target mass flow rate. However, in volumetric mode feeding,
such as during refills, the screws operate at a constant speed, so changes in bulk density
lead to changes in mass flow rate.

Hopper and screw design [36-39] can significantly influence the solids stress profile
within a feeder, affecting bulk density due to powder compressibility [40]. To ensure
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smooth feeding operation, it is crucial to use tooling, including optimal screw design and
size, and appropriate hopper design to mitigate densification effects, facilitating consistent
material flow and minimizing disruptions in the feeding process.

Another challenge in LIW feeders is screw layering, when layers of powder accumulate
along the length of the screw conveyor in an LIW feeder [30,31]. This can occur when
the mass flow rate is too low and/or when the powder has poor flow properties with
high affinity to the feeder’s screws, e.g., cohesive powder and/or a powder with a high
degree of electrostatic charge [41]. Over time, as the screws rotate, the layers of powder can
become thicker and more compact, which can lead to disruptions in the feeding process.
Screw layering can also cause blockages in the screw zone of the feeder, which can lead
to disruptions in the feeding process and therefore potentially impact the quality of the
final drug product. Additionally, even a thin layer forming on the screws can reduce
the interaction and friction between the screws and powder, altering surface friction and
influencing how effectively the screws can transport the powder compared to the friction
between the powder and the feeder walls. This in turn can diminish the conveying potential
of the feeder. If more and more material sticks to the screw, the desired mass flow rate
might not be achieved due to the feeder’s motor speed limit. Understanding this feeding
challenge is crucial for predicting the CM runtime without interruptions for cleaning
material adhered to the screws and halting the feeding unit operation.

To prevent or delay screw layering, it is essential to optimize the mass flow rate and
select appropriate tooling, such as screws and screens, tailored to the specific properties of
the powder being fed. Additionally, the choice of excipient should be considered. While
the APl is usually fixed in the formulation, the excipient, such as the type of lactose, can be
selected. In the case of preblending of APIs and excipients or excipients alone, choosing an
excipient that helps prevent or delay screw layering can improve feeding process.

In this study, we explored powder behavior in continuous feeding, specifically focus-
ing on the degree of powder densification and screw layering among various excipients.
While previous research has delved into screw layering within feeders [31], it is notewor-
thy that (to our knowledge) this study represents the first comprehensive investigation
into densification and screw layering with such a diverse collection of excipient types.
Additionally, this study introduces a methodology to quantify these effects.

The excipients investigated, spray-dried lactose, anhydrous lactose, granulated lactose,
and microcrystalline cellulose, are widely used in the pharmaceutical industry as fillers
and binders. Additionally, a preblend and a co-processed excipient were investigated to
assess their feeding performance. Traditionally, blends are created to minimize the number
of feeders, thereby simplifying the CM process. Recently, co-processed excipients have
been introduced by suppliers as an innovative solution for reducing the number of feeders
in CM. This rationale underlies the investigation of both an MCC-lactose preblend and a
co-processed excipient (lactose-lactitol) feeding in this study.

It is recognized that controlling LIW feeder performance necessitates aligning feeder
tooling with material properties and implementing tailored feeder control strategies [15]
to minimize variability in fed material concentration. The findings from this study offer
valuable insights into the feeding performance of various excipients. Given that excipients
are inactive ingredients (that can be present in high volume in the formulation or tablet),
they can be selected based on the manufacturing process to optimize API performance.
The results of this study support selecting the most suitable excipients to ensure solid CM
and scalability. The significance of this study lies in its potential to provide guidance to
practitioners in the pharmaceutical manufacturing sector.

2. Materials and Methods
2.1. Materials

An overview of the materials used during this investigation, including their suppliers,
is provided in Table 1.
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Table 1. Overview of the investigated materials: excipient name, manufacturer, material type,
and abbreviation.

Excipient Name Manufacturer Material Type Abbreviation
SuperTab® 11SD  DFE Pharma (Germany) Spray-dried lactose 11SD
SuperTab® 22AN  DFE Pharma (Germany) Anhydrous lactose 22AN
SuperTab® 24AN  DFE Pharma (Germany) ~ Granulated anhydrous lactose 24AN
SuperTab® 30GR DFE Pharma (Germany) Granulated lactose monohydrate 30GR
SuperTab® 40LL.  DFE Pharma (Germany) Co-processed lactose-lactitol 40LL
Pharmacel® 102  DFE Pharma (Germany) Microcrystalline cellulose PH102

2.2. Material Characteristics
2.2.1. Particle Size Distribution Measurements

Particle size distribution was measured (n = 3) via dry laser diffraction (Sympatec,
HELOS/KR, Clausthal-Zellerfeld, Germany). The powder was fed at 0.5 bar and 50% feed
rate using a dry dispersion system.

2.2.2. Bulk and Tapped Density Measurements

The bulk and tapped densities were measured (n = 2) according to Ph. Eur. Method
1 using an automatic tapping device (STAV 2003 stampvolumeter, Engelsmann, Lud-
wigshafen am Rhein, Germany). The Hausner ratio (HR) was calculated as HR = TD/BD.

2.2.3. Ring Shear Testing

The flow function coefficient (ffc) was measured (1 = 2) using a ring shear tester (RST-
XS, Dietmar Schulze, Wolfenbiittel, Germany). Powders were tested at preconsolidation of
4 kPa, and normal stresses of 1, 2, and 3 kPa were applied until shear failure.

2.3. Blend Preparation

A preblend of PH102:24AN (50:50% w/w) was created by blending the components
for 15 min at 25 rpm using a 60 L intermediate bulk container (IBC) blender (GEA®,
Wommelgem, Belgium) with a fill volume of approximately 60% v/v.

2.4. Equipment

Trials were conducted using the CDC-50 (GEA®, Wommelgem, Belgium), which
encompasses a series of material handling processes, including pneumatic transfer, loss-in-
weight twin-screw feeders, a two-stage continuous blender, and tableting. A schematic of
the line is shown in Figure 1. In this fully automated tableting line, the handling of materials
begins with the transfer of each component from its commercial packaging to the top-up
system, which is situated on the feeder hopper. Manual top-up filling was employed as a
preventive measure against the risk of material segregation for the investigated preblend.

The vacuum top-up system used in this process comprises a conical hopper with a
capacity of 3.2 L, connected to a rotating bowl valve responsible for refilling the twin screw
feeder’s hopper. To maintain precise control over the material supply, a level sensor is
integrated into the conical hopper of the top-up system. This sensor detects the presence or
absence of powder by being positioned at a fixed height within the hopper.

A more detailed description of the CDC-50 and the feasibility of processing over an
extended period with this line is provided by Holman et al. [42].
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Figure 1. Schematic of the continuous direct compression line investigated in this study.

2.5. Loss-in-Weight Feeder: GEA® Twin Screw Feeder

Twin-screw loss-in-weight feeders (GEA®, Wommelgem, Belgium) were used in this
study, which are integral components of the above fully automated tablet production
line (see Section 2.4). The feeder consists of a 2 L hopper connected with a horizontally
rotating impeller above the screws. Yadav et al. [43] and Furqan et al. [44] provide detailed
descriptions of the components of the feeders and their associated top-up systems. The
speed of the feeder screws was optimized to ensure a total system flow rate of 20 kg/h.

2.6. Experimental Plan, Data Collection and Processing

A comprehensive analysis of the feeding performance of the investigated materials
(see Table 1), as well as a preblend of PH102:24AN at a 50:50% w/w ratio, was conducted
(henceforth, this mixture will be referred to as “preblend”). The mass flow rate for each
excipient in Table 1, as well as the preblend, was set to 18.8 kg/h, representing 94% w/w of
the total formulation, with a total system flow rate of 20 kg/h.

The feeder data were collected at a 1 Hz frequency (one value per second) using the
ConsiGma® data acquisition system (GEA®, Wommelgem, Belgium). This software enables
time-aligned data collection from the feeder, capturing parameters such as net weight,
screw speed, mass flow rate, feed factor, and feeding mode. The feed factor is defined as the
grams of powder transported per revolution of the feeder screw (g/rev) and offers insights
into the material properties within the hopper [44]. The feed factor profile was analyzed to
understand the densification and screw layering behavior of different materials.

Data preprocessing, statistical analysis, and graphical visualization were performed in
Phyton 3.10.11 (Python Software Foundation, Wilmington, DE, USA). The collected data
were filtered within a specified tolerance range (10% of the mass flow rate set point) using
a Boolean mask [45] to exclude external disturbances. The initial 300 s were excluded for
all investigated materials to exclude the data from the screw priming phase (initial screw
filling process).

This study incorporates the concept of “feeding cycles” for data analysis, where these
cycles represent the intervals between hopper refills. The feeding cycles are precisely
defined and maintained consistently for all investigated materials: a feeding cycle initiates
60 s after the gravimetric mode of the feeder is activated and continues until 20 s prior
to the next transition to the feeder’s volumetric mode. Figure 2 illustrates a schematic of
feeding cycles as defined in this study.
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Figure 2. Schematic illustrating the feeding cycles between two consecutive refills (highlighted in
gray), and refills in continuous feeding.

For each of these feeding cycles, various analytical metrics were computed, including
slopes, statistical data, and linear regression fits. For quantitative comparison of investi-
gated materials, the feeder’s average mass flow rate (MF), average feed factor (FF), as well
as standard deviation (SD) and the relative standard deviation (RSD) of the MF and FF,
were calculated. This comprehensive analysis allowed for a detailed examination of the
performance within each feeding cycle.

2.6.1. Quantifying Densification and Screw Layering

The FF slope within one feeding cycle was used as a measure of powder densification
in the feeder’s hopper. The overall FF slope was used as an indicator of screw layering.
Figure 3 provides a schematic overview of the FF profiles that show densification and/or

screw layering.

No screw layering Screw layering

(@) (b) \

Time Time

No Densification
FF (g/rev)
FF (g/rev)

(©) NN P (d)
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Figure 3. Schematic illustrating the phenomena of densification and screw layering in continuous
feeding. The light green lines indicate screw layering, and the yellow arrows show densification.
(a) No densification, no screw layering, (b) no densification, but screw layering, (c) densification, no

screw layering, (d) densification and screw layering.
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The data presented in this study relate to the continuous tableting process of Janssen
etal. and Bekaert et al. [19,20]. As the feeding duration varied for the materials investigated,
a standardized process time of 1500 s was used to ensure uniform processing duration for
all materials. This standardized process time was used for calculating the overall linear
regression slopes for the FF, a parameter that indicates screw layering, enabling a fair
comparison of the investigated materials. This descriptor is subsequently referred to as the
overall slope.

Furthermore, to ensure a fair comparison between different materials, a standardized
process time of 1500 s was used in the calculation of the overall average mass flow rate
(overall average MF) and its RSD (overall average MF RSD), as well as the overall average
feed factor (overall average FF) and its RSD (overall average FF RSD).

The feeding performance evaluation of the investigated materials was compared
in terms of average mass flow rate (MFyy ), its relative standard deviation (RSDpr%),
average feed factor (FFgy ), and its standard deviation (SDr) and relative standard
deviation (RSDpr%), calculated for each feeding cycle during the standardized process
time of 1500 s, given by Equations (1), (2) and (3), respectively.

1 N 1 N
MFgog. = N; MF FFaog. = N;FF 1)
N 2 N 2
MF — MF FF — FF
SDumF = \/El ( N aog.) SDpp = \/Zl ( I~ aog.) )
o 9D ., _ SD
RSDpr % = Mg -100 RSDpp% = FFpg 100 3)

3. Results and Discussion
3.1. Material Properties
The material properties of the investigated materials are summarized in Table 2. The

ffc of lactose and co-processed materials was above 10, indicating free-flowing properties.
The powder flow of the investigated MCC, PH102, was categorized as easy-flowing.

Table 2. Summary of the properties of the investigated materials.

Bulk .
. d10  d50  d9%0  (Poured) 1opped  Hausmer .. o, Moisture
Material (um) (um) (um) Density Density Ratio KPa () Content
3 (g/cm?3) -) (% wlw) *
(g/cm?)
11SD 44 119 223 0.63 0.75 1.19 17 0.2
22AN 47 203 395 0.68 0.80 1.17 15 0.1
24AN 37 121 298 0.54 0.68 1.25 13 0.1
30GR 38 126 297 0.63 0.78 1.24 17 0.1
40LL 80 180 350 0.54 0.65 1.20 16 0.0
PH102 30 87 200 0.33 0.46 1.39 7 4.0

* Data from the supplier certificate of analysis (CoA) for the batches used in this study.

3.2. Feeding Performance

The feeding performance of the different materials is summarized in Table 3. The
overall average MF remained at the set point (18.8 kg/h) with low variation (RSD < 1.3%),
indicating that the feeder’s control system operated with high precision and encountered
no significant issues like blockage, ratholing, bridging, or caking.
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Table 3. Summary of the overall MF and overall FF with their RSD.

Material Overall Average Overall Average Overall Average Overall Average

MF (kg/h) MF RSD (%) FF (g/rev) FFRSD (%)

11SD 18.8 1.1 2.3 1.9
22AN 18.8 1.2 2.4 1.6
24AN 18.8 0.9 1.9 0.6
30GR 18.8 0.3 2.1 04
40LL 18.8 0.9 1.9 0.9
PH102 18.8 1.0 1.3 0.7
Preblend 18.8 1.3 15 1.3

The variation in overall average FF RSD (even though slight, RSD < 2%) indicated
adjustments in screw speed by the feeder to maintain the set MF. This variation suggested
occurrences of slight densification and/or screw layering in the hopper—screw zone. To
precisely quantify these phenomena, a more detailed analysis of the FF data was required,
as described in Section 2.6.1.

3.3. Detection of Screw Layering and Densification

The FF data of all investigated materials were evaluated according to the method
described in Section 2.6. The FF axis scalar remains constant across all graphs in this section
(1.2-2.5 g/rev) to ensure a fair comparison of the investigated phenomena. The feeding
cycles are visually represented in the figures of this section using shaded light-gray regions.
The local FF linear regression, shown with dotted black lines, serves as an indicator of the
extent of powder densification in the feeder hopper (hopper—screw zone). The overall FF
linear regression, shown with a solid black line, reflects screw layering (the degree of screw
layer formation).

The feeding results for the spray-dried lactose, 11SD, and anhydrous lactose, 22AN,
are shown in Figure 4. The results of feeding 11SD (Figure 4, top graph) indicated both
densification during each feeding cycle and screw layering. Densification (indicated by the
local FF linear regression, shown with dotted black lines) was higher in the initial feeding
cycles of 11SD. One reason for this could have been the impact of screw filling on feeding
performance during these initial cycles. As the screw speed increases more strongly to
reach the desired MF, it leads to a greater reduction in the FF.

In general, the control system of the feeder divides the hopper into ten sections,
assigning a corresponding screw speed for feeding each specific region. When the recorded
mass loss of the feeder deviates from the set point, the control strategy adjusts the screw
speed to maintain the MF set point. This adjustment reduces the FF (as MF is maintained
at the set point but the screw speed increased). Stronger adjustments of screw speed occur
during the initial cycles, improving over time as the screws are fully filled with the powder
and the control system’s assumption becomes more accurate.

Another reason for the higher densification (steeper slope) in the initial cycles could
have been the initial system assumption being less accurate. Consequently, the screw speed
increases (stronger adjustment) over time to maintain the MF at the set point, resulting in
a greater reduction in FF. This effect disappears once the feeder reaches a state of control.
As the screws become fully filled and the feeder stabilizes (reaches its state of control), the
slope of the local FF linear regression decreases, indicating reduced densification. Although
this starting phase is typically excluded in commercial production, it provides valuable
insights into the impact of material properties on feeding during the startup phase. These
insights support improvements in the feeding process and help shorten startup times.

Furthermore, feeding 11SD showed evidence of screw layering, indicated by the
negative slope of the overall FF linear regression, which gradually flattened over time.
Screw layering occurs when a thin layer of material adheres to the feeder screws, resulting
in less material being conveyed per screw revolution. To maintain the MF set point, the
screw speed is increased. This effect becomes apparent when the starting FF of a feeding
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cycle is lower than that of the previous feeding cycle. Therefore, the slope of the overall FF
linear regression (over multiple feeding cycles) was used as a measure of screw layering in
this study.

The feeding results of 11SD showed that screw layering was more pronounced initially,
characterized by a steeper slope, which gradually reduced. This indicated that a thin layer
of powder formed on the screws without further accumulation.

While the extent of screw layering for 11SD is minimal and not visibly apparent on the
screws during feeder cleaning, it is essential to note that excessive screw layering, particu-
larly with materials like micronized APlIs, can potentially disrupt the feeding process and
cause operational stoppages. Hence, it is crucial to systematically quantify screw layering
for API feeding or API-excipient preblend to estimate the continuous feeding duration
accurately. As briefly discussed by Janssen et al. [19], feeding micronized model API (parac-
etamol) introduced significant challenges during the continuous tableting process. After
five days of experimentation, screw layering of the API became a severe issue, necessitating
a halt in the process for screw cleaning before continuation.

11SD

Feed Factor [g/rev]

18P
1.6 4
1.4 = .
—— Overall FF Linear Regression
----- Local FF Linear Regression
X  Middle of Feeding Cycle
12 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800

Process Time [s]

22AN

2.0 1

Feed Factor [g/rev]

1.6 4

L | Overall FF Linear Regression

----- Local FF Linear Regression
X Middle of Feeding Cycle

1.2

0 200 400 600 800 1000 1200 1400 1600 1800
Process Time [s]

Figure 4. Feeding of 11SD (top) and 22AN (bottom). The blue dots represent FF per second.
Gray regions indicate recognized feeding cycles. The dotted black lines indicate the degree of
powder densification in the feeder hopper. The solid black line reflects screw layering during
continuous feeding.
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It is worth noting that the data presented in this study pertain to continuous tableting
process data [19,20]. Consequently, the feeding duration varies for the investigated materi-
als. However, to ensure a fair comparison, the data were evaluated within a standardized
processing time consistent across all investigated materials. The results from longer run
results are included in the Supplementary Materials of this publication.

The results of feeding 22AN (Figure 4, bottom graph) indicated no densification, but
showed evidence of screw layering. This is indicated by the negative slope of the overall
FF linear regression. Each new feeding cycle for 22AN started at a lower FF compared to
the previous cycle, suggesting slight screw layering. Unlike 11SD, the slope of the overall
FF linear regression (indicator of screw layering) for 22AN does not flatten out over time.

The feeding of 22 AN did not indicate densification during the feeding cycles, indicat-
ing that 22AN is less sensitive to refills. To validate this observation, it is recommended that
further studies be conducted investigating the impact of refill portions and the frequency
of refills.

The feeding results for the granulated lactose grades, 24AN (anhydrous lactose), 30GR
(lactose monohydrate), and 40LL (co-processed), are shown in Figure 5. Interestingly,
all granulated lactose products, whether anhydrous, monohydrate, or co-processed with
lactitol, showed low variation in feeding. Continuous feeding of 24AN and 30GR showed
no indication of densification or screw layering, as the slopes of both the overall and local
FF linear regressions remained flat. For 40LL, slight screw layering was observed at the
beginning of feeding, which then clearly flattened out after 800 s.

In general, the granulation process appears to make these powders less sensitive to
refills and eliminates the screw layering effect. Granulation is effective in reducing the
number of fines by agglomerating smaller particles into larger, more uniform granules. This
consolidation of fines can improve handling and reduce issues like dusting, which might
contribute to screw layering. Another hypothesis is that the granulated particles exhibit
cleaning capabilities. As the screw passes through the material, the granules introduce
additional shear and force, which may dislodge and remove smaller particles that tend to
adhere to the screws. However, further investigation is required to validate these findings
by examining the impact of refill portions and refill frequency in longer feeding runs.

The feeding results for PH102 and preblend are shown in Figure 6. Surprisingly, feed-
ing PH102 alone indicated no densification or screw layering; however, its blend with 24AN
(i.e., the preblend of PH102:24AN at a 50:50% w/w ratio) showed densification. This can
be attributed to differences in particle size and density. Smaller particles can fill the voids
between larger particles, leading to densification in the hopper-screw zone. Additionally,
the density differences between the two components in the blend may cause segregation in
the feeder hopper. These results underscore the importance of understanding blend prop-
erties, as they can significantly differ from the properties of individual components. This
consideration is crucial, as highlighted by Fathollahi et al. [14]. Additionally, the findings
indicate that feeding preblends may be suboptimal and suggest that using co-processed
excipients could mitigate this issue.

Generally, for all investigated materials, densification could be effectively managed by
the control systems of the LIW feeder. Over time, the feeder reaches a state of control where
densification becomes predictable and precisely controllable. However, a higher degree
of densification can pose a risk to consistent powder flow in manufacturing processes.
When a material undergoes densification, it tends to compact, potentially affecting its
flow properties. Materials that do not show densification are generally easier to handle in
manufacturing processes. Their consistent flow characteristics make them more predictable
and reliable during the feeding and processing stages. Thus, while consistent feeding
was achievable for all tested excipients, selecting materials with minimal densification can
facilitate smoother and more reliable manufacturing processing.
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Figure 5. Feeding of 24AN (top), 30GR (middle), and 40LL (bottom). The blue dots represent FF per
second. Gray regions indicate recognized feeding cycles. The dotted black lines indicate the degree
of powder densification in the feeder hopper. The solid black line reflects screw layering during

continuous feeding.
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Figure 6. Feeding of PH102 and preblend (PH102:24AN with 50:50% w/w). The blue dots represent
FF per second. Gray regions indicate recognized feeding cycles. The dotted black lines indicate the
degree of powder densification in the feeder hopper. The solid black line reflects screw layering

during continuous feeding.

On the other hand, if screw layering becomes too severe, the feeder motor may reach its
maximum capacity, preventing the feeder from achieving the desired ME Therefore, screw
layering can significantly impact the manufacturing process and should be thoroughly
assessed. Additionally, there is also the risk of losing the accumulated material from the
screw, leading to sudden increases in MF.

In summary, the results demonstrate that both densification and screw layering can
be successfully quantified. The FF graphs clearly illustrate the effects of densification and
screw layering. The slope of the local FF linear regression for each feeding cycle indicates
powder densification in the feeder’s hopper-screw zone between two consecutive refills.
The slope of the overall FF linear regression, standardized to a process time of 1500 s for
fair comparison among the investigated materials, indicates screw layering.
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3.4. Quantification of Screw Layering and Densification

The slopes of local FF linear regression were calculated as a measure of densification.
Results are shown in Figure 7 as a box plot, summarizing the local FF linear regression
slopes for feeding cycles within the standardized process time of 1500 s. This figure
illustrates the extent of densification comparison between the investigated materials, high-
lighting the higher densification of the preblend and 11SD. These statistical results align
with the visual observations from the FF graphs. The box plot displays the minimum,
maximum, average, first quartile, median (second quartile), and third quartile values of
calculated slopes. The median represents the center, while the remaining values indicate
dispersion, with the cross representing the average value. For 22AN, 24AN, and 40LL, the
box plots cross zero, indicating that the slopes are on average close to zero, with some feed-
ing cycles having a slightly positive slope. Results of 30GR show one outlier feeding cycle
with a positive slope, and the rest are very consistently close to zero with a slight negative
slope. PH102 results show that the slopes are entirely positive, but close to zero (average
of +0.0002). One possible explanation for these positive slopes could be attributed not
directly to the feeder itself but to the dynamics of the upstream system components, such
as the bowl valve and the buffer volume of the top-up system [31]. During the stationary
phase, material densification can occur, leading to the introduction of more densely packed
material with each refill. Another contributing factor could be the shorter duration of the
feeding cycles (gray regions in Figure 6), often disrupted by feeding mode switching. This
disruption can lead to positive slopes due to insufficient data for accurate slope calculation.
Since no data averaging was performed in this study, the feeder’s data were analyzed on
a per second basis. This approach can capture short-term fluctuations and disruptions
more clearly, which may contribute to the observed positive slopes due to insufficient
data for accurate slope calculation. Note that these are acknowledged as hypotheses and
currently lack specific references for support. Further investigation is necessary to validate
these claims.
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Figure 7. Summary of statistically quantified densification for the investigated materials.

In general, the slopes of local FF linear regression for 22AN, 24AN, 40LL, 30GR, and
PH102 confirmed the negligible densification (as observed in their FF graphs). On the
other hand, the preblend showed clear densification in all feeding cycles, as indicated by
the calculated slopes of local FF linear regression (less than —0.0004). The comparison of
preblend with other materials was conducted using ANOVA, revealing highly significant
differences, with p-values ranging from 8.81 x 101" t0 2.69 x 107°. These values indicate
that the densification behavior of preblend was statistically distinct from that of the other
materials, with all p-values well below the conventional significance threshold of 0.05. This
suggests that the densification in the preblend was significantly different from that in the
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other materials, supporting the behavior observed in the feeding performance across all
materials. The 11SD excipient showed densification (average of —0.0003), with values
crossing zero, indicating the reduction of densification over time, as observed in Figure 4.

Furthermore, the results of statistically quantifying screw layering are shown in
Figure 8. The figure compares the slopes of the overall FF linear regression for all investi-
gated materials. The screw layering of 11SD and 22AN is the highest, followed by 40LL,
with slight initial screw layering. The extent of screw layering for all other investigated
materials is negligible (very close to zero). These results align with the visual conclusions
from the feeding graphs. In the case of feeding only excipients, the minor extent of screw
layering observed does not pose a problem. However, when feeding a preblend of API and
excipients, the results recommend using granulated products such as 30GR and 24AN to
mitigate potential feeding issues.
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Figure 8. Summary of statistically quantified screw layering for the investigated materials.

In summary, this study highlights the critical importance of understanding material
behavior in the feeding process for continuous manufacturing. It identifies potential
challenges, such as screw layering in the feeding unit operation, and introduces methods
for quantifying densification and screw layering. Furthermore, by tailoring the feeding
parameters to the characteristics of the material being processed, the feeding process can
be better optimized within the powder-to-tablet production system. Although detailed
tooling design recommendations are beyond the scope of this study, the results suggest
that these findings could inform the design and selection of appropriate tooling, such as
screw configurations and hopper designs. Future research is recommended to explore these
factors further to optimize feeding performance tailored to different materials.

4. Summary and Conclusions

The feeding performance of various excipients and a preblend was evaluated within
an operational powder-to-tablet continuous production line. To the best of our knowledge,
this study introduces for the first time a method for quantifying densification and screw
layering. The statistical results aligned with visual observations from the FF graphs.

The results indicated that densification for 11SD (spray-dried lactose) occurred pri-
marily during the initial feeding cycles and decreased gradually over time, whereas densifi-
cation for the preblend of MCC-lactose (PH102:24AN at 50:50% w/w) remained consistent
throughout the feeding process. The control system of LIW feeders effectively managed
densification; however, addressing screw layering in severe circumstances poses greater
challenges. These findings support the use of granulated lactose products to prevent or
delay screw layering.
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Preblending of API and excipients is commonly employed by manufacturers to miti-
gate challenges in API feeding, thereby reducing the number of feeders and simplifying
production processes. This research suggests that when dealing with APIs prone to severe
screw layering, selecting granulated lactose products (24AN and 30GR) for preblending
could offer advantages. In comparison to other excipients studied in this research, granu-
lated anhydrous lactose (24AN) and granulated lactose monohydrate (30GR) show superior
performance in continuous feeding, with no indication of densification or screw layering.
This makes them optimal choices for optimizing continuous manufacturing processes by
ensuring consistent feeding.

Drug product manufacturers commonly use blends to minimize the number of feeders
and simplify the continuous manufacturing process. The results showed that densification
occurred in the investigated preblend, even though neither component showed this effect
individually. Additionally, since the granulated grades did not show densification (or screw
layering), the findings indicate a potential advantage of using co-processed excipients over
preblends in CM. However, further studies are needed to compare the physical blend and
co-processed forms of the same components to confirm this potential advantage.

Furthermore, this approach and data can be used for several advancements in the
pharmaceutical industry. Firstly, they address market questions about continuous manu-
facturing by assessing the feasibility of nonstop operation, which is particularly relevant
for estimating the feedability of APIs. While the results showed minor screw layering
for excipients, this issue could be more extensive for APIs, highlighting the need for
thorough evaluation.

Additionally, the findings enable material-specific adjustments in feeding processes,
allowing for the study of material properties’ effects and aiding in the selection of appro-
priate tooling, such as screw sizes and screens. This tailored approach ensures optimal
feeding performance for different materials.

The potential for developing advanced control systems is another significant advance-
ment. Insights gained from long-term continuous feeding data can be used to develop
iterative learning and other control systems, improving the overall efficiency and reliability
of the manufacturing process.

Reducing startup time is also a key benefit, leading to cost savings and faster produc-
tion. By minimizing the time required to achieve steady-state feeding, manufacturers can
enhance productivity and reduce operational costs.

Lastly, extending feeder models beyond single refills offers valuable insights into
longer runs with multiple refills. This comprehensive understanding of feeder behavior
over extended periods supports more robust and reliable continuous manufacturing pro-
cesses, ultimately contributing to higher quality and consistency in the final drug products.

These developments can significantly enhance the efficiency and reliability of continu-
ous manufacturing processes in the pharmaceutical industry.
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