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Abstract

Over the past decade, continuous manufacturing has garnered significant attention in the
pharmaceutical industry. Still, numerous continuous unit operations need developments, such
as powder blending and feeding at low and high throughputs. Especially the continuous and
consistent feeding of solid drug substances and excipients at low feed rates remains
challenging. This study demonstrates a micro-feeder capable of feeding poorly-flowing
pharmaceutical powders at low feed rates. The system performance was investigated using
three grades of pharmaceutical powder: croscarmellose sodium (cohesive), magnesium
stearate (very cohesive), and an active ingredient, paracetamol (non-flowing). The results
show that the micro-feeder can continuously and consistently feed powders at low flow rates
(<20 g/h) with low variability (<10% for non-flowing materials and <5% for cohesive materials).
Notably, the micro-feeder achieves these results without any feedback control and remains
unaffected by refilling, making it a truly versatile and industry-relevant solution. The study's
results demonstrate that this micro-feeder system effectively tackles the challenge of
consistent and accurate powder feeding at low rates.

Keywords

Powder micro-feeding; continuous feeding; low dose feeding; screw feeder; double-screw
agitator.

Page 1 of 36


mailto:daniel.markl@strath.ac.uk

1 Introduction

Consistent feeding of powder materials is a critical aspect of the manufacturing process for
oral medicines (Besenhard et al., 2017, 2016, 2015; Chen et al., 2012; Fathollahi et al., 2021;
Sacher et al., 2021, 2020). Any variations in the feed stream can directly influence the quality
of the final drug product (Janssen et al., 2022). This factor becomes even more significant in
light of current industry trends, such as smaller batch sizes for clinical trials or smaller patient
populations, and the use of high-potency active pharmaceutical ingredients (APIs). For
instance, delivering high-potency APIs in doses of milligrams or lower per tablet demands a
feeding rate of less than 10 g/h with minimal fluctuation over time (Chamberlain et al., 2022).
Achieving consistent and precise powder flow rates in micro-feeding is still challenging in the
pharmaceutical and biopharmaceutical industries. To tackle this challenge, innovative
manufacturing technologies are needed to ensure the delivery of high-quality products in a
sustainable and affordable manner (Nagy et al., 2020; Oladeji et al., 2022).

The primary challenges in achieving consistent powder feeding is the strong dependence of
flow rate performance on material properties. Particle size distribution, cohesion force
between particles, and adhesion force between particles and the equipment contact surface
are critical factors that influence powder feeding. Additionally, equipment design and
environmental conditions can also play a role. This challenge is particularly significant given
that many new APIs are classified as cohesive or poorly flowing materials (Burcham et al.,
2018). Consequently, continuously and consistently feeding micrograms of powder remains
challenging (Huang et al., 2022; Janssen et al., 2022; Sacher et al., 2021).

The most common feeders in the pharmaceutical sector are loss-in-weight (LIW) screw
feeders. LIW feeders are built on a load cell and rely on gravitational control to attain the
preferred powder flow rate and reduce fluctuations through adjusting the screw speed. LIW
feeders have been improved through the refinement of the screws (Barati Dalenjan et al.,
2015; Engisch and Muzzio, 2014; Santos et al., 2018) and the optimisation of the feedback
control system (Blackshields and Crean, 2018). Despite these advancements, conventional
LIW feeders cannot achieve consistent feeding at low flow rates, particularly for cohesive
materials (Blackshields and Crean, 2018; Burcham et al., 2018; Peterwitz et al., 2022). In
addition, refilling LIW feeders remains a challenge due to their dependence on the load cell
and the feedback control, resulting in additional variations in the mass flow rate during the
refilling process. Other difficulties for LIW feeders that affect the consistency and precision of
powder feeding include issues such as bridging, adhesion, cohesion, and vibrations (Janssen
et al., 2022; Minglani et al., 2020; Peterwitz et al., 2022).

Several other technologies have been developed for feeding at low rates. Besenhard et al.
(2017) created a powder pump that utilised a piston in a cartridge to push the powder into a
chamber where a rotating scraper would scrub the powder from the cartridge and transfer it to
the process. Fathollahi et al. (2021) improved the powder pump by adding a LIW function to
enhance its feeding consistency. In contrast, we developed a pneumatic micro-feeder that
uses adjustable cross-sectional areas to maintain the entrainment energy, which controls the
powder feed (P Hou et al., 2023). While both the powder pump and pneumatic micro-feeder
show promise in feeding small quantities of cohesive powders, they still have weaknesses,
such as the inability to perform long-term continuous feeding operation. This limitation arises
because powder cannot be filled or recharged during operation, and the operation time is
restricted by the reservoir size.

Only a few commercial feeders have been deployed for dosing or feeding small amounts of
pharmaceutical material. The approaches applied for micro-feeding include an auger method
(Coperion, 2013; Amouzegar et al., 2000), vibratory channels (Tardos and Lu, 1996), micro-
dosing (MG2, 2023; Besenhard et al., 2016), a pneumatic method (DEC Group, 2023; Bellon
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et al., 2013) or a rotor vane feeder (LCI Corporation, 2020). However, only a few commercial
feeders can continuously feed the powder material at very low flow rates (<50 g/h) while the
majority of these feeders struggle to handle cohesive or non-flowing materials (Nowak, 2015;
Kruisz et al., 2021; Jones-Salkey et al., 2023; Kerins et al., 2023). Table 1 presents an
overview of the feeding mechanisms of various existing feeders and recent advancements in
feeding technologies. The screw feeder has seen improvements with twin screws and agitation
mechanisms to address flow inconsistency and blockage issues (De Souter et al., 2023;
Engisch and Muzzio, 2015; Fernandez et al., 2011; Santos et al., 2018). Vibratory feeders,
which rely on vibrations to move powders, have been optimised by adjusting vibration
frequency and amplitude to better handle different material characteristics (Besenhard et al.,
2016, 2015; Horio et al., 2014; Zainuddin et al., 2012). The screw-brush feeder combines a
screw feeder with a brush conveyor to stabilise powder flow, though it faces challenges such
as particle grinding and contamination (Barati Dalenjan et al., 2015). Fluidised feeders, using
fluidisation principles, provide precise control over feed rates, but issues like segregation and
control complexity persist (P Hou et al., 2023; Suri and Horio, 2009; Tang and Chen, 1999).
Powder pumps, utilising cylinder-piston systems, achieve low flow rates with minimal
fluctuation but are less suitable for continuous processes due to powder compaction and
refilling needs (Besenhard et al., 2017; Fathollahi et al., 2021, 2020). Slide feeders, employing
a double-acting air-driven mechanism, have demonstrated good reproducibility and reliability
for various powders (Pohorely et al., 2004).

This study introduces a new micro-feeder technology that combines an inclined screw feeder
with a double-screw agitated hopper to enable highly consistent feeding of typical
pharmaceutical materials at rates below 10 g/h. The double screw agitator speed controls the
powder flow rate, while the feeding screw speed minimises powder flow rate variation. The
effects of feeding screw pitches, agitator speed, and screw speed are investigated. The
feeding performance and the mechanisms of the micro-feeder are evaluated and investigated
in relation to three common pharmaceutical materials: croscarmellose sodium (CCS,
cohesive), magnesium stearate (MgSt, very cohesive), and paracetamol (APAP, non-flowing).
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Table 1: Existing micro-feeders and their feeding principles. Adapted from (Besenhard et al., 2016) and (P. Hou et al., 2023).

Publication Author Investigated Feed rates Variation = Concept
materials
year
Mechanical feeder
2011 Fernandez, Applying DEM to study flow behaviour in diverse screw designs
Cleary & McBride, can inform the development of an improved screw for powder
Minglani et al., feeding.
2020 Li et al.
2020
2015 Barati Dalenjan, Zinc oxide 72 -630 g/h 2 -14% The screw-brush feeding system utilises a brush conveyor to
Jamshidi & Ale stabilise the powder flow rate downstream of a single screw
Ebrahim feeder.
2017 Besenhard et al., o-lactose 1-100 g/h 4 - 20% Powder pump, a cylinder-piston feeder, loads powder into a
monohydrate cartridge and uses a motorised plunger and scraper to control
2020 Fathollahi et al.,. powders, APl and the flow rate via adjustable speed settings.
spray-dried
2021 Fathollahi et al. intermediate
Vibratory feeder
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2012 Chen, Seyfang &  Lactose Powder 3.6-36g/h <3%

Vibrating capillary - Through the employment of a vibrating
capillary and modulation of both frequency and amplitude, the
regulation of flow rate and variability was achieved.

Vibration shear tube method - The study expelled powder
through a narrow gap between a vibrating tube and a flat
surface, subjecting each particle to high shear forces to
overcome adhesion and friction. The powder flow rate was
regulated by controlling the vibration amplitude.

Vibratory sieve chute system - to transfer powder from chute to
receiver using vibration. The feeder achieved continuous
feeding of pharmaceutical materials by regulating frequencies
and amplitudes.

The pulse inertia force was utilised to effectuate the vibration
and transportation of the powder, with the flow rate of the
powder being regulated by controlling the frequency of the
applied force.

The study employed a motorised screw jack to narrow the
fluidised chamber, while carrier gas was used to fluidise the
powder and prevent compaction. Top carrier gas was used to
blank the gas-powder mixture.

Steckel
2012 Zainuddin et al ; Microcrystalline 86.4-306g/h 3-5%
cellulose
2014 Horio, Yasuda &
Matsusaka
2015 Besenhard et al. Inhalac 230 3.6-7.2g/ 4.6 -12%
2016 Respitose SV003
2018 Wang et al. Respitose SV003 14-18g/h <12%
Granulac 230
Pneumatic/Fluidised feeder
1986 Wibberley & Coal 2.0-97.2g/h
Phong-Anant
1991 Burch et al. Geldart A particles: 1.2-12g/h Short
coal and coal-derived term:
char particles. <12%

This method strips particles from the powder surface by passing
a carrier gas through a narrow gap between a cylindrical piston
and the reservoir wall, then carries them through a feed tube
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Geldard C particles:
coal-derived ashes
and CaO powders

Long
Term:
>15%

when the reservoir is elevated. The flow rate is adjustable
through gas flow and reservoir motion.

1999 Tang & Chen Geldart A particles: 0.6-31.8g/h Short Modified Burch et a./ (1991)'s design
coal and coal-derived term: <3%
char particles.
Long
Geldard C particles: Term:
coal-derived ashes >5%
and CaO powders
2004 Michael Pohofely  Silica sand, g- 100-1800g/h 0.14% - Slide feeder - filling two containers with powder and then using
et al alumina, ceramsite 15% two pockets on the side plate to dispense and receive powder
(fired claystone), into the pneumatic transport pipe. The powder is then
digested and dried transported by constant pressure air.
municipal sewage
sludge, and
shredded hard wood.
2009 Suri & Horio Charcoal, glass 36 - 3852 g/h The study improved upon Wen & Simons (1959)’s work by using
beads, Neo beads a cartridge as a closed fluidised bed for powder fluidisation from
the bottom.
2023 P. Hou et al. Microcrystalline 0.7-20g/h 5% - 20%  Using adjustable cross-sectional area in the entrainment zone

cellulose
croscarmellose
sodium,
crospovidone, and
paracetamol

to entrain the particle. By adjusting the air flow rate to maintain
the powder flow rate.
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2 Materials and Method

2.1 Materials

Three different powders were used: croscarmellose sodium (CCS, JRS pharma, Germany),
magnesium stearate (MgSt, LIGAMED MF-2-V from Peter Greven Nederland C.V.,
Nederland), and an active pharmaceutical ingredient, paracetamol (APAP, Ph Eur Powder
from Mallinckrodt Pharmaceuticals, Ireland). Table 2 summarises the powder properties of the
investigated materials.

Particle size distribution (reported as Dy, Dsp and Dgy) and sphericity (Ssp) of all tested
materials were determined using a dynamic imaging instrument (QIC/PIC, Sympatec GmbH,
Germany). True density was measured using a gas pycnometer (MicroUltrapyc 1200,
Quantachrome instrument, Graz, Austria). Bulk density was measured by weighing a known
volume of the material using a 50 mL graduated glass cylinder. The bulk density was then
calculated by dividing the material’s mass by its volume. Tapped density was determined by
Autotap (AT-6, Quantachrome instrument, Graz, Austria) following the USP<616> method II.
To assess the flowability of the powder materials, a flow function coefficient was determined
using a powder flow tester (PFT3230, Brookfield AMETEK, USA). Powders with a higher flow
function coefficient are typically more difficult to handle and may cause flow problems such as
bridging, rat-holing, or segregation. Based on this powder characterisation, CCS, MgSt and
APAP can be classified as cohesive, very cohesive and non-flowing, respectively.
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Table 2: Material properties of the experimental materials.

Powders Dy Dsp Dy Sso True Density Bulk Density Tapped Flow Flowability
(g/cm?3) (g/cm?3) Density function
(um) (um) (pm) (-) (g/lcm3) coefficient
@1.61 kPa

()

Croscarmellose Sodium 299+01 50.0+0.1 74.2 +0.1 0.72 £ 0.003 1.537 £ 0.010 0.529 + 0.001 0.715+0.001 3.79+0.48 Cohesive
(CCS)

Magnesium Stearate 71+02 244+06 48.4+06 0.80+0.001 1.074 +0.001  0.207 £0.007 0.349+0.009 2.23+0.09 Very Cohesive
(MgSt)

Paracetamol 236+x01 679+x04 178138 0.63+0.003 1.291+0.002 0.310+0.003 0.495+0.005 1.63+0.33 Non-flowing
(APAP)

The shown values are the mean + standard deviation of all measurements in triplicate.

D10, Dsg and Dy, are the mean particle sizes below which 10%, 50% or 90% of all particles are contained.

Sso is the sphericity below 50% of all particles contained.
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2.2 Micro-feeder design

The inclined screw feeder (Figure 1) is composed of three key design features: a feeding
screw (Figure 2), a double-screw agitator (Figure 3) and a piping bag hopper. The feeding
screw and double-screw agitator were fabricated from Tough 2000 Resin employing a high-
precision stereolithography (SLA) printer (Form 2, FormLab, USA), while the screw housing
was manufactured using polylactic acid (PLA) through a fused deposition modelling (FDM)
printer (Ultimaker 3, Ultimaker, Netherlands). This fabrication approach enabled the system to
be fine-tuned and optimised, providing maximum flexibility in design adjustments. The
fundamental screw-based conveying principle is shared with LIW feeders in this design, but
several differences in the screw design and overall feeding mechanism contribute to its
improved low flow rate feeding performance:

Screw Geometry: The screw in the micro-feeder features a unique geometry designed to
enhance the precision of powder delivery. Unlike traditional augers, the screw has no central
shaft, reducing friction and improving the consistency of powder flow. Additionally, the design
eliminates potential backward flow and inconsistency issues found in spiral screws with a
hollow centre. These optimisations minimise pulsation and ensure a smooth, continuous flow
of material, as explained in Section 2.2.1.

Surface Treatment: The screw undergoes surface polishing and antistatic spray coating, with
optimised pitch and helix angle to reduce friction and adhesion of the powder. This treatment
is particularly beneficial for handling fine and cohesive powders and helps maintain consistent
feeding rates.

Agitator: The double-screw agitator homogenises the powder in the hopper and acts as a
regulating valve, controlling the amount of powder fed into the feeding screw (Section 2.2.2).

Double-screw agitator motor 4

Double-screw agitator

~— Piping bag hopper

Feeding screw Q
\ > Feeding screw motor

Receiver

Precision Balance —

Figure 1: An overview of a schematic inclined micro-feeder.
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2.2.1 Feeding screw

The unique feeding screw in this study is a design between an auger and a spiral screw. Unlike
the auger screw, it eliminates the need for a central shaft, resulting in an increased screw
pocket capacity and reduces powder compression due to shear stress on the wall and shaft.
In contrast to spiral screws, this design does not have a hollow shaft, which eliminates the risk
of unstable powder feeding caused by a steep drop of the powder flowing back into the screw
housing. To investigate the effect of screw pitch on various powder properties, the study
examined four screw pitches (7 mm, 10 mm, 15 mm, and 25 mm) to identify the optimal screw
pitch.

Pitch: 7 mm

Pitch: 25 mm
Figure 2: Schematic diagram of the feeding screws in four pitches: 7 mm, 10 mm, 15 mm and 25 mm.
2.2.2 Double-screw agitator
The double-screw agitator comprises a central feeding screw and an outer spiral screw
tapered at 5° and a pitch of 25 mm, printed as two separate components, providing design
versatility. This unique design allows the powder to circulate vertically in the hopper, effectively

homogenising the bulk density and eliminating common issues such as rat holes and bridging,
which are frequently observed in traditional LIW feeders.
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Outer screw
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|

Inner screw

- flow dit
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Figure 3: Schematic diagram of the double-screw agitator.
2.3 Operation

Initially, the powder must be added to the hopper until it reaches a level exceeding 50% of its
total capacity. Subsequent refilling of the hopper should be initiated when the powder level
falls below 20% of its total capacity, with each refilling involving the addition of approximately
80 mL of powder. To operate the feeder, two process parameters must be configured: the
speeds of the feeding screw and the double-screw agitator. Each of these speeds can be
regulated using stepper motors connected to an Arduino controller (Arduino Mega 2560). Both
speeds can then be set by an operator in a MATLAB-designed graphical user interface
(Figure S1 in Supporting Information). The inner screw of the double-screw agitator feeds the
powder into the inclined feeding screw within the screw housing. The inclined screw transports
the powder to a receiver positioned below the feeding screw outlet. The pre-run involves
operating the system with a constant agitator and feeding screw speed until powder is
discharged from the outlet. Throughout this study, a powder charging was conducted before
each measurement to ensure that the space of the feeding screw was filled with the powder.
If the subsequent experiment employs the same parameter setting as the previous one, the
pre-run is deemed unnecessary. In this study, the pre-run involves operating the system with
a constant agitator and feeding screw speed until powder is discharged from the outlet. This
step ensures that the feeding screw is properly filled with powder before the feeder delivers a
consistent mass flow rate. In this study, a feedback control loop was not implemented; the
motor speed was set to different levels to achieve various feed rates. A lab-scale balance
(Sartorius Quintix 125D-1S, Germany) recorded the accumulating powder weight per second,
which was then converted to a powder flow rate (g/h). An operator observed the powder level,
and manual refilling was conducted when it went below one-fifth of the hopper level.

2.4 Definition of parameters

Numerous parameters are employed to evaluate the micro-feeder's performance, including
powder flow rate (r1,,), mean powder flow rate (1,,), standard deviation (o), relative standard
deviation (RSD), mean relative standard deviation (RSD), repeatability (r) and stability (orsp).
A comprehensive explanation of these parameters can be found in our prior study (P Hou et
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al., 2023). Within the context of this study, the term "consistent" is explicitly defined to
encompass the combined notions of accuracy and precision. Specifically, the term "double-
screw agitator speed" refers to the motor rotation rate (rpm) of the double-screw agitator,
whereas the feeding screw speed refers to the motor rotation rate (rpm) of the feeding screw.
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3 Results and discussions

3.1 Mass flow rate analysis

To analyse the performance of the powder feeding process, the weight of the powder was
recorded using a catch scale at a frequency of 1 Hz (Figure 4). The recorded weight was then
used to calculate the mass flow rate, 1, (t) = Am/At, which represents the rate of powder
mass accumulated within a certain time window, At. The experimental mass data exhibited a
linear trend, as depicted by the red-dashed line in Figure 4a.

In continuous powder feeding processes, fluctuating weight measurements can arise from
various factors, such as the height of the feeding position (Figure S2 in the Supporting
Information) and the weight of the material fed. In this study, measurement noise was identified
to be caused by a vibrating spring in the balance due to the initial and subsequent drops
arriving at the balance pan, preventing the balance from reaching a stable equilibrium.

To mitigate the influence of measurement noise on powder feeder performance analysis, a
60-second moving mean filter was employed. This technique, widely used in spectral data and
powder feeding analysis in previous studies (Beretta et al., 2023; Bostijn et al., 2019;
Fathollahi et al., 2020; Huang et al., 2022; Johnson et al., 2022), was applied to the weight
difference of the powder fed per second. While complete elimination of these factors may not
be feasible, the implementation of this filter serves to minimise their influence on further
analyses. Figure 4b depicts the CCS powder feeding process with the additional application
of a 60-second moving mean window to the generated data (g/s), which was subsequently
converted to g/h. This data is then further used to calculate the mean powder flow rate, SD,
and RSD.
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Figure 4: Data acquisition and analysis of continuous CCS powder feeding at 6 rpm feeding screw
speed and 5 rpm double speed agitator speed over 2 hours: a) experimental mass acquired at 1-second
intervals from the catch scale; b) filtered mass flow rate using a 60-second moving mean window. The
green dashed line represents the mean powder flow rate, while the upper and lower solid red lines
denote the predetermined range of variation, set at +5% for this particular experiment. The lines
depicted in the figure are not continuous; rather, they represent individual points occurring at a rate of
one per second.

To ensure the moving mean filter does not remove real variability, 30- and 60-second manual
measurement experiments were conducted at identical operational conditions without
applying any filter. Figure 5 depicts an example of APAP feeding over a period of 30 minutes,
with manual measurements taken at one-minute intervals, alongside automatic data
acquisition with the implementation of a 1-minute moving mean filter. Figure 5 provides a
comprehensive summary of the outcomes derived from both manual and automatic
measurements. The results indicate that the RSDs using the moving mean filter are larger (or
equal to the highest CCS flow rate) than the RSD of the manual measurements. The findings
reveal that this particular manual measurement variation yields lower results compared to
applying a 60-second moving mean. This indicates that using the 60-second moving mean
filter does not eliminate genuine data points. In addition, the difference in RSDs between
moving mean and manual measurement reduces with increasing powder flow rate. This is
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attributed to the fact that the time it takes the balance to stabilise has a stronger influence on
the RSD at low flow rates. Overall, using a time window of 60 seconds with the moving-mean
filter technique can effectively reduce the measurement noise without compromising the actual
data. However, a longer time window of 120 seconds is necessary when dealing with lower
powder flow rates below 2 g/h due to the limited accuracy of the balance. By applying moving-
mean, the balance spring vibrations caused by continuous feeding can be minimised, leading
to more reliable and accurate measurements.

a) 10 T T T T

—APAP Moving Mean
—APAP Mannal

0
T
1

Powder flow rate, v, (g/h)

0 1 1 1 1 1
0 5 10 15 20 25 30
Time, ¢ (min)
b,)_‘ 25 T T = =

2 A & CCS Moving Mean
= ) m CCS Manual
9 A APAP Moving Mean
= 20 ® APAP Manual
g
ERLI 1
3
o ]
=101 B
- R ¢
s 5f .
2 | .
2 - 4
= 0 | 1 1 L

0 5 10 15 20 25

Powder flow rate, r, (g/h)

Figure 5: Effect of powder flow rate on RSD for automated and manual operation with 60-second
window measurement, and APAP with lowest powder rate at 120-second window measurement. a) an
illustration of APAP feeding conducted over a 30-minute duration, with manual measurements recorded
at one-minute intervals, juxtaposed with automatic data acquisition utilising a 1-minute moving mean
filter; b) a comprehensive summary of the results obtained from both manual and automatic
measurements. Each measurement was done in triplicate (n = 3). The vertical error bar represents the
standard deviation of relative standard deviations of three repeat experiments. The horizontal error bar
represents the standard deviation of powder flow rates of three repeat experiments. The statistical
comparison of data set can be found can be found in Table S1 in the Supporting Information.

3.2 Refilling

Numerous investigations have explored the influence of hopper refill and fill level on feeding
consistency, e.g. Janssen et al. (2022), Van Snick et al. (2017), Hérmann-Kincses et al.
(2022), and Tahir et al. (2020). Janssen et al. (2022) conducted repeated lactose feedings (H
= 1.21, fair-flowing material) using a 22 mm double concave screw in volumetric mode. Tahir
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et al.'s (2020) illustrates the application of a GEA compact feeder for MgSt feeding with a
20 mm concave screw (Bin# = hopper fill level). Van Snick et al.'s (2017) explored the different
powder properties using a concave screw. Hormann-Kincses et al.'s (2022) investigated the
feeding of M200 grade mannitol using various types of feeders. These feeders delivered M200
grade mannitol with a coarse concave screw at 50% screw speed. The feeders included
Coperion-KTron KT20, Compact feeder, Compact feeder with adapted hopper, ZD12FB, and
Brabender MT-S.

Consistent findings across all these studies reveal a gradual decrease in the feed factor with
changes in the hopper fill level. Compression at the bottom of the powder results in a higher
bulk density. As the feeding progresses and the hopper level decreases, the bulk density
lowers, resulting in a gradual reduction in the powder flow rate This trend is particularly
pronounced in highly compressible powders such as MgSt and APAP. Additionally, materials
with poor flow characteristics exhibit lower feed factors due to alterations in powder density
within the hopper.

The hopper in this study was refilled approximately every 20 minutes, with the amount of
powder added varying depending on the feed rate. On average, around 80 millilitres of powder
were added to the hopper during each refill. The effectiveness of the refilling process was
monitored and analysed through Figure 6, which captures the feeding process over a period
of 2 hours for three different materials. The results revealed that no significant excessive
variations were observed during the feeding process, indicating that the design of the double-
screw agitator used in this study effectively mitigated any variations caused by the refilling. In
contrast to current industrial feeders, the double-screw agitator eliminates variations in the
mass flow rate induced by refilling.

Bekaert et al. (2022) also indicates that the inconsistent feeding marked by sudden peaks the
refill points. Figure 6 does not exhibit this issue, indicating that the hopper refill does not affect
feeding consistency in this design. This is attributed to the action of the agitator, which
continuously circulates the powder in the hopper. Upon addition to the hopper, the refill is
promptly circulated, preventing the powder compression, which leads to a decrease in bulk
density and, consequently, results in a higher feed rate, particularly beneficial for sensitive
compressible materials.

As a result of the increase in bulk density resulting from powder compression, it also prompts
a decrease in screw speed in gravimetric control. In scenarios where refill occurs, the
compression and increased bulk density can cause a sudden spike in feed rate, leading to
unstable control. In contrast, the absence of an influence on feed rate in our design suggests
that the agitator plays a crucial role in homogenising bulk density within the hopper. This, in
turn, ensures a more stable and consistent powder feeding experience across various fill
levels.
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Figure 6: Refilling every 20 min in continuous feeding demonstrated for three different materials: a)
Feed factor over time, b) Changes in powder flow rate with respect to feeding time. All experiments
were performed in triplicates (n = 3). The blue line is the mean powder flow rate. The blue shadow
represents the SD of three repeated experiments. The red shaded belt represents + 5%. The notation
"XX g/h+Number" is used to shift the trend up by "Number" g/h for comparison purposes.

3.3 Effect of equipment configuration and process parameters on feeding
performance

3.3.1 Feeding screw pitch

Figure 7 presents the effect of screw pitch on feeding the three different powders: APAP,
MgSt, and CCS. The results reveal that a screw pitch of 25 mm leads to the lowest SD of
0.44 g/h£0.03 g/h for APAP, while a pitch of 7 mm gives the lowest SD of 0.67 g/h£0.03 g/h
for CCS. Although a pitch of 25 mm vyields a higher SD of 0.41 g/h+0.009 g/h for MgSt
compared to a pitch of 10 mm (0.37 g/h£0.06 g/h), it provides better stability (o5p = 2.3%) for
MgSt using a 25 mm pitch, whereas 10 mm pitch results in o5p=16.3%. These findings
suggest that using a screw pitch of 25 mm for MgSt can maintain better precision and
consistency in the powder feeding process. Furthermore, it is observed that the application of
a 7 mm pitch for APAP and MgSt results in screw clogging. Based on these findings, it is
recommended that highly cohesive materials such as APAP and MgSt are better suited for
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larger screw pitches to stabilise the feeding process, while materials with better flowability, like
CCS, benefit from smaller screw pitches.

1.2 :
CCS8 I I I Screw speed w,; = 2.5 rpm
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Figure 7: Standard deviation as a function of screw pitches for CCS, MgSt and APAP. Each
measurement was done in triplicate (n = 3).

3.3.2 Double-screw agitator speed

Increasing the agitator speed while maintaining a constant feeding screw speed leads to a
considerable increase in the powder flow rate (Figure 8). Moreover, Figure 8b indicates that
with rising agitator speed and powder flow rate, the SD also increases for APAP and MgSt.
Conversely, the outcome of CCS feeding reveals a contrasting pattern, whereby an increase
in the agitator speed leads to a decrease in the SD. The results also demonstrate that
increased agitator speed leads to a decrease in the RSD for the three tested materials (Figure
8c). Figure 8 shows that the agitator and feeding screw speeds are critical parameters that
influence the powder flow rate and the RSD. However, the effect of these parameters on the
powder flow rate and RSD depends on the powder properties and agitator design,
necessitating careful consideration when optimising the performance of the inclined screw
feeder.

The experimental results confirm the critical role of the agitator in ensuring consistent powder
feeding. In the absence of the agitator, issues such as rat holing and bridging arise, making
continuous feeding at low rates challenging. The application of a double-screw agitator also
helps to overcome the refilling issues that current LIW feeders face.

Page 18 of 36



o]
—

T#ccs |
& ® MgSt
A APAP)

S
T
.

- —

(=2 o 3
T T T
<«
1 1 |

L=z
T
®
I

~
|
®

Powder flow rate, ri, (g/h)
b

o P

yv]
T
1

1 1 1 | | 1 1

1 1.5 2 25 3 35 4 4.5 5
Agitator speed, w,, (rpm)

o
—

+ T$ cCs

@ MgSt |
A APAP

0.9

0.8
07} ¢ ¢ -

0.6

B

0.5
A _
0.4 Py

Standard deviation, ¢ (g/h)

0.2 .

0'1 1 1 1 L L 1 1
1 1.5 2 25 3 3.5

Agitator speed, w,, (rpm)

'S
P
o
o

1 6 I T I 1 I 1

T CCs
L @ MgSt |]
14 A APAP

12 .

+ 9
&

Relative standard deviation, RSD (%).2.
>

1 L
1 1.5 2 25 3 3.5
Agitator speed, w,, (rpm)

.
»
o
[8,]

Figure 8: The effect of double-screw agitator speed on powder flow rate, SD and RSD. a) The mean
powder flow rate from three repeated experiments (n = 3) is plotted against agitator speed for three
different powder properties at a fixed feeding screw speed of 3.5 rpm. b) SD is plotted against agitator
speed. ¢) RSD is plotted against agitator speed.

Page 19 of 36



3.3.3 Feeding screw speed

For optimal process settings, it is vital to understand the effect of various ratios between
feeding screw speed and double-screw agitator speed on the stability of the powder flow rate
in the system. Figure 9 indicates that all investigated materials exhibit a close to constant
feeding rate with variations below 5%, indicating stable and consistent feeding.
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Figure 9: Effects of feeding screw speed on powder flow rate, SD and RSD for three distinct powder
properties. a) CCS; b) MgSt; and c) APAP powder feeding at varying feeding screw speeds and a
constant agitator speed of 2.5 rpm. The blue line is the mean powder flow rate. The blue shadow
represents the SD of three repeated experiments. The notation "XX g/h+Number" is used to shift the
trend up by "Number" g/h for comparison purposes. A hopper refill at 20 minutes was performed.
My, 1st number, 2nd number denotes the powder flow rate corresponding to the specified screw speed (15t
number) and agitator speed (2" number) in rpm.

Figure 10a shows that the screw speed has a relatively minor effect on the powder flow rate
compared to the more significant effect of agitator speeds, as discussed in Section 3.3.2.
Nevertheless, it indicates that increasing the feeding screw speed slightly enhances the CCS
powder flow rate but has an insignificant effect on the flow rates of MgSt and APAP powders.

Figure 10b and Figure 10c, on the other hand, emphasises the notable influence of feeding
screw speed variation on SD and RSD while maintaining a constant double-screw agitator
speed. The results demonstrate fluctuations in both SD and RSD as the feeding screw speed
increases. Nevertheless, the results of these experiments reveal that the system
demonstrates the best stable and consistent powder feeding for CCS and APAP when the
agitator speed is 0.5 rpm higher than the feeding screw speed. Moreover, MgSt has its optimal
point at 2.5 rpm (twice the feeding screw speed). This result suggests the existence of an
optimal value for a specific screw speed to agitator speed ratio, and adjusting this ratio can
enhance the consistency of powder feeding.
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3.4 Performance statistics

An experimental investigation was conducted to determine the optimal ratio of screw speed to
agitator speed for a given material. The preliminary experiment, conducted without an agitator,
observed occurrences of rat-holing and bridging, resulting in the absence of flow. The
summary tables of feeding performance for all tested materials can be found in Tables S2, S3
and S4 in the Supporting Information. Figure 11 depicts the temporal consistency of powder
feeding for the three materials investigated under optimal conditions without the
implementation of feedback control. The findings establish that powder feeding maintains
consistent performance over time at different powder feed rates. The optimal ratio was found
to be when the screw speed was 0.5 rpm higher than the agitator speed for APAP and CCS,
while no clear optimal ratio pattern was observed for MgSt. Details on the effect of speed ratio
between agitator and feeding screw are provided for each material in the Supporting
Information Section 5.
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It is important to note that the RSD between the equal (screw speed = agitator speed) and
optimal ratios decreases as the powder flow rate increases for all tested materials (Figure 12).
The findings indicate that the powder flow rate remains relatively stable when the agitator
speed is held constant, regardless of whether the feeding screw speed is increased or
decreased. This observation highlights the dominant influence of the agitator speed, that it
controls the powder flow rate, with the screw speed exerting a minor effect, particularly when
the powder cohesion is high. These results support the concept that the screw speed governs
the screw volumetric efficiency and reduces the powder flow rate variation. The decrease in
the RSD gap with increasing powder flow rates can be attributed to the concurrent rise in
screw volumetric efficiency, leading to the screw pocket approaching its maximum capacity.
During this phase, the influence of screw speed on the variation in powder flow rate diminishes
significantly.
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vertical errors represent the SDs of the powder flow rates and RSDs of triplicate experiments. Each
measurement was done in triplicate (n = 3).

The investigation reveals that materials with poor flowing characteristics exhibit good
repeatability when subjected to flow rates exceeding 6 g/h (Figure 13). In terms of stability,
the results indicate that satisfactory stability under 0.4% of standard deviation of RSD is
attained when the flow rates are above 2 g/h for all three tested materials. However, stability
declines when CCS and APAP are fed at flow rates under 2 g/h. This is because the feeder
may have achieved its minimum feed rate at this configuration. A comparison of repeatability
and stability of the equal and optimal ratios can be found in Figures S4 and S5 in the
Supporting Information.
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Figure 13: Repeatability and stability at the optimal ratios were investigated for the three materials. a)
repeatability and b) stability as a function of powder flow rate at the optimal ratio. The agitator speed
was kept constant rather than the feed rate. Due to the differing physical properties of the three
investigated powders, the average feed rate varies at a constant agitator speed.

To sum up the experimental results from the optimal ratios, a linear correlation between the
powder flow rate and agitator speed can be observed in Figure 14. The observed linear
relationship between the powder flow rate and agitator speed suggests that adjusting the
appropriate agitator speed, tailored to the specific powder properties, enables the attainment
of the desired powder flow rate. This relationship can be used to calibrate the agitator speed
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for a desired powder flow rate, and further for process optimisation or control to maintain the
desired flow rate control.
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Figure 14: The summary of the powder flow rate as a function of agitator speed for the three different
materials at optimal ratios, demonstrating a linear relationship. Experiments were conducted in triplicate
(n=3).

Overall, the inclined micro-feeder presented in this study differentiates from existing
technologies through its feeding screw and double-screw agitator design. This configuration
not only enhances volumetric efficiency and minimises flow variations but also effectively
addresses issues such as rat holing and bridging, commonly encountered with cohesive
powders. Consequently, it ensures more reliable long-term operation without flow
interruptions.

Unlike conventional screw feeders and vibratory channels, the agitator homogenises the
powder density in the hopper while feeding a consistent rate to the feeding screw. By adjusting
the ratio of feeding screw speed to agitator speed, this design minimises powder feed rate
variation. Additionally, unlike loss-in-weight (LIW) feeders that rely on feedback control and
are sensitive to refilling disturbances, this micro-feeder maintains consistent performance
without feedback control and remains unaffected by the refilling process. This simplifies
operation and improves overall reliability.

The micro-feeder achieves improved feeding consistency and accuracy, demonstrated by
repeatability below 8% and stability below 6%, even at low flow rates. It achieves low feed
rates (<20 g/h) with low variability (<5-10% RSD) for challenging materials, outperforming
many existing micro-feeders in this critical low flow rate range. These performance metrics
highlight its potential as a reliable and adaptable solution for precise powder feeding across a
broad range of industrial applications.
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4 Conclusions

This study presents a micro-feeder that can achieve consistent and continuous powder
feeding without feedback control and without being affected by refilling. The micro-feeder
incorporates a novel design featuring a feeding screw and a double-screw agitator design,
which can handle a wide range of powder properties, settle common hopper issues, and
maintain high feeding stability and repeatability. The research demonstrates that by adjusting
the speeds of the double-screw agitator and feeding screw, feeding accuracy can be
optimised, with the double-screw agitator controlling the powder flow rate and the feeding
screw minimising variations. The main findings of the study are as follows:

¢ The micro-feeder's feeding mechanism employs an agitator in combination with screw
speed adjustment to enhance screw volumetric efficiency and minimise variations in
powder flow rate during the feeding process, distinguishing it from conventional screw
feeders.

o The agitator design effectively addresses challenges such as rat holing and bridging
that commonly occur when feeding cohesive materials (Figure S3 in Supporting
Information).

e The repeatability of all tested materials was found to be below 8%.

o At low flow rates, the stability of all tested materials was observed to be below 6%.
However, when feeding cohesive materials at high flow rates, stability levels were
below 15%.

¢ The micro-feeder demonstrates good repeatability and stability in powder feeding
without feedback control, ranging from 0.5 g/h to 22 g/h, with very low RSD (<10% for
non-flowing materials and <5% for cohesive materials).

o The feeding performance is not influenced by refilling during the process, allowing for
long-term operation and enabling recharging without interruptions.

¢ While the system was only demonstrated to continuously feed powder for 2 hours, it is
expected to be capable of long-term feeding operation.

e The modular and compact design of this micro-feeder offers enhanced flexibility,
enabling easy adaption of the system to handle a wider range of powder properties
and cater to various industrial and research applications.

The inclined micro-feeder offers several advantages over the existing feeding mechanisms
detailed in Table 1. It achieves low feed rates with similar or better relative standard deviation
(RSD) compared to the conventional feeders listed. Additionally, the inclined micro-feeder
demonstrates potential for long-term continuous operation, surpassing the durability of some
pneumatic, vibration and powder pump feeders. Its modular and customisable design provides
greater versatility for different materials and applications, while optimised features ensure
reduced friction, improved consistency, and lower maintenance, making it a cost-effective
solution compared to more complex systems.

In summary, the optimised inclined micro-feeder provides practical benefits for consistent and
reliable powder feeding, particularly for cohesive powders. Its compact design, improved
feeding consistency, cost-effectiveness, and scalability make it an option in industry. Future

research will aim to further enhance the system's capability to achieve even higher and more
consistent flow rates, especially for non-flowing materials.
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% Key industrial requirements

+ Continuously feeding cohesive materials < 10 g/h with < 3%

relative standard deviation (RSD).

-+ Limiting the effect of refilling.

- High repeatability & stability.

" Simple control mechanism.

+ Modular design provides the flexibility for industrial applications.
Feeding three different cohesive materials at 8 - 10 g/h
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