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ABSTRACT

Magnesium stearate (MgSt) is among the most common excipients and the most common lubricant in solid oral products. It is primarily added to tablet formulations
to ease ejection during tablet compression. While commonly present in low concentrations, the addition of MgSt substantially affects the final tablet properties. Its
impact is further not only concentration dependent but also varies with exposure of the formulation to shear, which worst-case results in over-lubrication. The
presented study investigated the applicability of terahertz time-domain spectroscopy (THz-TDS) to monitor the shear-induced blend densification of microcrystalline
cellulose blended with MgSt over a range of concentrations (0.3, 0.7, and 1.0 %). The effect of shear was investigated by variation of blending times (5 — 20 min) in a
diffusion blender. THz-TDS measurements of the powder blends were acquired in transmission by measuring directly through the mixing container. The refractive
index at terahertz frequencies was found to be sufficiently sensitive to resolve the densification of the blend with increased blending times. Thus, THz-TDS blend
density measurements can be used as a surrogate parameter to evaluate the total shear exposure of a blend. Considerations regarding implementation are discussed.
In the context the approach was integrated with the well-described THz-TDS-based tablet porosity analysis into a unified model to monitor and predict the tensile
strength. Including the THz-TDS measurement on the blend allowed for a more accurate description of the tensile strength, reducing the root mean squared error by
over 40 % (0.33 MPa). The possibility of monitoring the density changes of a blend non-invasively makes THz-TDS a promising process analytical technology

approach for controlling the total shear impact on lubricated blends and tablet quality.

1. Introduction

The final steps of the tablet compression cycle are the ejection of the
tablet from the die and the subsequent take-off from the lower punch.
During these steps, the movement of the tablet relative to the tooling
surfaces creates friction, which may damage the tablet and the tooling.
During tablet manufacturing, high friction, often manifesting itself in
high ejection forces, can be reduced by the addition of lubricants (Wang
et al. 2010). Whilst the concept of external lubrication, where a lubri-
cant is mechanically applied directly to the tooling before each
compaction cycle, has been demonstrated in principle for different lu-
bricants (De Backere et al. 2020; De Backere et al. 2023a), the realisation
of external lubrication on a commercial scale remains challenging.
Therefore, internal lubrication, the traditional approach where the
lubricant is mixed into the formulation, prevails in the commercial
manufacture of tablets (De Backere et al. 2020). Besides high ejection
forces, the adhesion of formulation particles to the punches and die
surfaces (sticking and picking) is a common challenge during tablet
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ejection and take-off. Addition of lubricants to the formulation may
prevent this due to the anti-adhering properties of most lubricants (Shah
et al. 1986).

Magnesium stearate (MgSt) is the most commonly used excipient to
avoid complications during tablet ejection and take-off. Low concen-
trations (< 1 %) of MgSt typically suffice to improve the compression
process (De Backere et al. 2023b; Li and Wu 2014; Sun 2015; Wang et al.
2010). Due to its friction-reducing properties (Wang et al. 2010) MgSt is
generally classified as a lubricant (Raymond et al., 2009), but it also
exhibits excellent anti-adherent (Shah et al. 1986) and glidant properties
(Podczeck and Mia 1996). MgSt is a solid, organo-metallic salt of mag-
nesium and a blend of fatty acids containing a high percentage of stearic
and palmitic acid (European Pharmacopoeia, 2024). As with other solid
lubricants, its effects on the formulation arise from boundary lubrication
(Wang et al. 2010). Already at very low shear forces, the MgSt crystal
lattice is cleaved, resulting in detached, plate-like particles (flakes)
(Wada and Matsubara 1994; Marwaha and Rubinstein 1987). This
detachment occurs during blending and other shear-inducing process
steps, with the resulting MgSt-flakes subsequently adhering to other
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Nomenclature

Abbreviations

BF Breaking force

c Speed of light

CMA Critical material attribute

CQA Critical quality attribute

CPP Critical process parameter

D Diameter

EMA European Medicines Agency

FDA U.S. Food and Drug Administration

foominal Nominal porosity

H Height

HDPE High-density polyethylene

ICH International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use

IQA Critical quality attribute of intermediate

l Sample length or thickness

m Mass

MBSD  Moving block standard deviation

McCC Microcrystalline cellulose
MgSt Magnesium stearate

Np Block size

NBlend Refractive index of the blend
NTablet Refractive index of the tablet
NIR Near infrared

QbD Quality by Design

QbT Quality by Testing
R? Coefficient of determination

RMSE Root mean squared error

RMSE,g; Root mean squared error adjusted for the number of fitting
parameters

RTR Real-time release

PAT Process analytical technology

Ph. Eur. European Pharmacopoeia
THz-TDS Terahertz time-domain spectroscopy

USP United states pharmacopeia

AD Phase difference

v Frequency

Dplend Phase of blend inside HDPE container

DuDPE Phase of empty HDPE container

Ppplenda  Phase of empty chamber prior to blend measurement
(reference)

@ uppe  Phase of empty chamber prior to HDPE container

measurement (reference)
@g Tablet  Phase of empty chamber prior to the tablet measurement

(reference)
Drapler  Phase of the tablet
Ppyc Pycnometric density
Prapped  Tapped bulk density
Puntapped  Untapped bulk density
c Tensile strength
Opred Predicted tensile strength

particles of the formulation and the tooling surface, i.e. boundary
lubrication and often referred to as film formation. This layer reduces
adhesive interactions as well as the particle-particle and particle-tooling
contact area. Consequently, friction and powder adherence are reduced
(Wang et al. 2010). While the structure of MgSt trihydrate has been
solved (Herzberg et al. 2023), there is no solved crystal structure for the
typical commercial grade of MgSt (hydrates with a varying molar ratio
of water in the blend of fatty acids). Therefore, the exact nature of the
lattice cleavage, flake formation, and adhesion to other particles, re-
mains unresolved.

The adherence of MgSt to the other particles of the tablet formulation
may have deteriorating effects on the drug product and MgSt has a
substantial influence on tablet properties even at low concentrations. It
has been found to decrease tablet mechanical strength and to slow down
tablet disintegration and dissolution due to hydrophobicity of the fatty
acid entities (Dansereau and Peck 1987; Puckhaber et al. 2022; Puck-
haber et al. 2023; Abe and Otsuka 2012; Strickland et al., 1956;
Uzunovi¢ and Vrani¢ 2007). It is well known that the effects of MgSt on
powder manufacturability and tablet properties highly depend on the
total amount of shear the system is exposed to before tablet compres-
sion. Upon shear exposure flakes continuously detach from larger MgSt
particles and adsorb on the other particles causing a higher surface
coverage (Hafeez Hussain et al. 1988). Increased shear has been found to
result in decreased ejection forces, decreased mechanical strength, and
increased disintegration and dissolution times (Kushner IV and Moore,
2010; Mehrotra et al. 2007; Dansereau and Peck 1987; Paul and Sun
2018; Shah and Mlodozeniec 1977; Puckhaber et al. 2023). Over-
lubrication is a term used when the applied concentration or shear is
too high and results in unacceptable tablet properties. In addition, an
increased shear exposure or higher MgSt concentration has been found
to affect blend flowability (Fahiq et al. 2007; Podczeck and Mia 1996).
Finally, a densification of the blend due to increased shear exposure or
higher MgSt concentration was described in various studies (Shah and
Mlodozeniec 1977; Dansereau and Peck 1987; Mehrotra et al. 2007;
Kushner IV, 2012).

The pharmaceutical industry is currently undergoing two transitions
— from Quality by Testing (QbT) to Quality by Design (QbD) (Yu, 2008)
and from batch to continuous manufacturing (Fonteyne et al. 2015;
Plumb 2005; Lee et al. 2015) — both developments heavily encouraged
by regulatory authorities (FDA 2004a) and the ICH (ICH Q8 2009; ICH
Q8, Q9, Q10 Questions and Answers 2011; ICH Q13 2023; ICH Q14
2024). Implementing a continuous process is considered beneficial from
an industrial and regulatory perspective by reducing monetary and time
investment, and by increasing agility, flexibility, quality, understanding,
and robustness of pharmaceutical manufacturing (Lee et al. 2015; Fon-
teyne et al. 2015). Continuous manufacturing is inherently linked to the
transition from QbT to QbD as it necessitates understanding of critical
process parameters and raw material or intermediate product quality
attributes to ensure high product quality (Lee et al. 2015; Su et al. 2019;
Yu 2008). The pharmaceutical industry and regulatory agencies
acknowledge that these transitions require novel process analytical
technology (PAT) tools that allow a detailed analysis of raw materials,
intermediates, the process, and the product (Hinz 2006; FDA 2004b).
Implementing PAT tools is believed to facilitate process and product
understanding, ultimately, allowing the establishment of real-time
monitoring of critical quality and material attributes, as well as crit-
ical process parameters. Incorporating PAT strategies and continuous
manufacturing can further enable real-time release (RTR) testing. In
RTR testing, PAT-based monitoring strategies ensure that the process
continuously produces a drug product within quality specifications (ICH
Q8 2009; Markl et al. 2020). This requires the development of “fit--
for-purpose” PAT procedures, based on prior knowledge of the product,
process, and analytical procedure as outlined in ICH Q14.

During powder blending, the API content and blend uniformity are
considered relevant quality attributes to monitor due to their direct link
to the content and content uniformity of the drug product (Kim et al.
2021). Although the excipient concentration and their blend homoge-
neity can significantly influence the finished product, they are
commonly not monitored through in-process controls. Since the extent
of powder lubrication can directly influence the quality of produced
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tablets it would be beneficial to monitor lubrication during the
manufacturing process independent of the production setup being
batch-wise or continuous. In common process conrol strategies, varia-
tions in lubricant concentration or shear exposure may only be found by
testing the finished tablet product. Incorporating a PAT strategy for
blend lubrication would allow direct monitoring and potential control of
blend lubrication and lubrication-dependent quality parameters effec-
tively preventing over-lubrication phenomena. Monitoring strategies of
the lubricant concentration have only been suggested in few studies
(Aguirre-Mendez and Romanach 2007; Cameron and Briens 2019a;
Cameron and Briens 2019b; Crouter and Briens 2016; Duong et al. 2003;
Ebube et al. 1998). Process analytical tools to assess varying shear
exposure are even less commonly investigated. Thermal effusivity
(Nakagawa et al. 2013; Uchiyama et al. 2014; Yoshihashi et al. 2013)
and NIR reflectance spectroscopy (Abe and Otsuka 2012; Nakagawa
et al. 2013; Otsuka and Yamane 2009) have been proposed to monitor
shear dependent lubrication of blends. NIR reflectance spectroscopy has
also been suggested as a PAT tool to measure the shear-dependent
changes in tablet the breaking force (Otsuka and Yamane 2006;
Otsuka and Yamane 2009).

The non-destructive, non-ionising nature of the electromagnetic ra-
diation used (60 GHz — 4 THz = 2 — 130 cm™ 1) and the fast acquisition
rates (sub-second) make THz-TDS ideal for PAT applications. The
technique can be used in transmission and reflection mode (Zeitler et al.
2010). As many pharmaceutical materials show a high transmittance at
terahertz frequencies, even rather thick or dense samples can be probed
in transmission. Further, most polymeric materials are at least semi-
transparent, enabling measurement through container walls (Zeitler
et al. 2010). These features enabled transmission measurements of
blends through a blending container in a previous study (Anuschek et al.
2024a). As THz-TDS records the signal in the time-domain, extraction of
the absorption coefficient and the refractive index is possible without
using complex physical models, such as the Kramers-Kronig relations
(Markl et al. 2017). Numerous studies have demonstrated the correla-
tion of the refractive index with material density, including materials
such as pharmaceutical tablets and powders, in both transmission
(Bawuah et al. 2021; Anuschek et al. 2024a) and reflection (Anuschek
et al. 2023; Stranzinger et al. 2019).

The presented study evaluates the suitability of THz-TDS in deter-
mining blend density for monitoring the shear-dependent lubrication
with MgSt by variation of the blending time. This ultimately aims to
establish a monitoring strategy based on THz-TDS primarily for shear-
dependent lubrication and its effect on tablet quality.

2. Materials and methods
2.1. Materials

In this study microcrystalline cellulose (MCC) (Avicel pH 200, FMC,
Philadelphia, PA, USA) and magnesium stearate (MgSt) (Peter Greven,
Bad Miinstereifel, Germany) were used.

2.2. Blending

MCC and MgSt were blended in 100 ml high-density polyethylene
(HDPE) containers (Duma®, Gerresheimer, Diisseldorf, Germany) at 25
rpm in a SentroBlender (Sentronic, Dresden, Germany) with MgSt con-
centrations of 0.3, 0.7, or 1.0 % (w/w). The containers were filled to a
filling level of approximately 80 %, corresponding to 28 g of powder.
During blending, the HDPE container’s bottom-to-top axis was oriented
perpendicular to the blending axis. The blending time was varied and is
detailed in Section 2.8.1.

2.3. Untapped and tapped bulk densities

The untapped and tapped bulk densities were analysed in a 10 mL
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graduated cylinder with a target sample mass of 3 g (replicates = 3). The
tapped bulk density was measured with a settling device (Erweka SVM
Tapped Density Tester, Langen, Germany). Tapped bulk density was
determined based on the minimum constant volume after 2500-3750
taps. The step changes followed the procedure described in the United
States Pharmacopoeia Monograph (616).

2.4. Tablet manufacturing

Tablets were compressed on the Korsch XP1 (Korsch, Berlin, Ger-
many) using an asymmetrical compression profile without pre-
compression. The blends were manually weighed (200 mg target
mass), filled into the die, and compressed with 10 mm flat-faced plain
tooling to target porosities of 10, 15, 20, 25, and 30 %. The compression
pressure was adjusted manually to reach the target porosities. The final
choice of compression pressure was based on at-line measurement of
tablet dimensions with a calliper (Model number: 547 — 301, Mitutoyo
Europe GmbH, Neuss, Germany). Table 1 summarises the produced
tablet batches.

2.5. Tablet mass, height, and diameter determination

Tablet mass, height, and diameter were determined using a ST50
tablet hardness tester (Sotax, Aesch, Switzerland). Measurements were
performed one day after the THz-TDS measurements and three days
after compression. The obtained values for tablet mass, height, and
diameter for Batches A0-D4 (see Table 1) are summarised in Supple-
mentary Tables S1-S4.

2.6. Porosity determination

Pycnometric density (ppyc) was obtained from measurements of MCC
(replicates = 3) using an Accupyc 1300 pycnometer (Micromeritics,
Norcross, GA, USA). Samples were weighed and placed into a 1 cm® cup.
The sample chamber was pressurised 30 times to 10 bar with helium.
The nominal tablet porosity (fnominal) Was determined based on Equa-
tion (1).

fnominal =100|1- 3 (1)

m
2
” (g> Hpyye

where m is the tablet mass, D is the tablet diameter, H is the tablet
height, and pyy. is the pycnometric density and all in SI units. The true
density of the blends was calculated as the mass weighted harmonic
mean of the true density of the individual components, i.e. MCC and

Table 1
Summary of tablet batches based on the MgSt concentration, blending time, and
target tablet porosity.

Batch  MgSt concentration (%, w/  Blending Target tablet porosity
w) time (%)
(min)
A0 0 0 10, 15, 20, 25, 30
B1 0.3 5 10, 15, 20, 25, 30
B2 0.3 10 10, 15, 20, 25, 30
B3 0.3 15 10, 15, 20, 25, 30
B4 0.3 20 10, 15, 20, 25, 30
C1 0.7 5 10, 15, 20, 25, 30
C2 0.7 10 10, 15, 20, 25, 30
c3 0.7 15 10, 15, 20, 25, 30
c4 0.7 20 10, 15, 20, 25, 30
D1 1.0 5 10, 15, 20, 25, 30
D2 1.0 10 10, 15, 20, 25, 30
D3 1.0 15 10, 15, 20, 25, 30
D4 1.0 20 10, 15, 20, 25, 30
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MgSt. The obtained values for tablet porosity for Batches A0-D4 (see
Table 1) are summarised in Supplementary Tables S1-54.

2.7. Tensile strength

The ST50 tablet hardness tester (Sotax, Aesch, Switzerland) was used
for breaking force measurements. The jaw movement was kept at a
constant speed of 1.20 mm s~L. The tensile strength (6) was calculated
with Equation (2) as described in Fell and Newton (1970),

2BF
0= DHZ 2)
where BF is the breaking force, D is the tablet diameter, and H is the
tablet height and all in SI units. The measurement was performed one
day after the THz-TDS measurements and three days after compression.
The obtained values for tablet tensile strength for Batches A0-D4 (see
Table 1) are summarised in Supplementary Tables S1-54.

2.8. Terahertz time-domain spectroscopy

THz-TDS acquisition was performed with the TeraPulse Lx (Tera-
View Ltd., Cambridge, UK) in combination with a transmission chamber
(Lx sample chamber, TeraView Ltd., Cambridge, UK). Before each
acquisition a reference measurement of the empty chamber was ac-
quired. Ten waveforms were averaged for each acquisition at an
acquisition rate of 10 Hz. Thus, the total measurement time sums up to 1
s per THz-TDS acquisition. The experimental setup for blend and tablet
measurements is illustrated in Fig. 1.

THz-TDS measurement of blends

Terahertzssignal

.'

HDPE container with blend

Sample holder
for container
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2.9. Blends

THz-TDS measurements of the blends were carried out with the
blend in the HDPE container and thus measured through the HDPE
container (in transmission). The position of the measurement was
approximately 1 cm above the container’s bottom. For each blend,
reference measurements of the empty HDPE containers were acquired
prior to blending.

Measurement of finished blends: Uninterrupted blending with each
of the MgSt concentrations was performed in triplicates for 5, 10, 15,
and 20 min subtracting 10 rotations (= 24 s). Each triplicate blend was
then measured ten times. Between each of the measurement acquisi-
tions, the container was reinstalled in the blender and the blend was
mixed for one rotation using the same settings as described in Section
2.2,

Mimicked in-line measurement throughout the blending process: To
investigate the continuous change in the THz-TDS response with the
blending time, blends of different MgSt concentration were prepared
and blended for 20 min. A THz-TDS waveform was taken before the start
of the blending process. After each fifth rotation, the container was
removed from the blender, a single THz-TDS waveform was acquired,
the container was reinstalled, and the blending cycle was continued.
This aimed to mimic an in-line measurement.

The refractive index (n) of the blends was calculated with Equation

(3,

0=

3

where [ is the sample thickness, c is the speed of light in vacuum, v is the
frequency, and A is the phase difference and all in SI units. For the
sample thickness, the diameter of 4.5 cm of the HDPE container was

THz-TDS measurement of tablets

Terahertz signal

Tablet

Sample holder
for tablets

THz-TDS

transmission chamber

Fig. 1. Experimental setup for the THz-TDS measurement of blends (left) and tablets (right). Blends were measured in the HDPE container and thus, through
container walls and the bulk of the blend. Containers were fixated with a 3D printed sample holder. Tablets were measured along the axial dimension and through the
centre of the tablet. Tablets were fixated with a sample holder provided by the manufacturer of the THz-TDS equipment.
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used. To account for both variances in the laser intensity and the HDPE
containers, the total phase difference of the blend was calculated after
Equation (4),

AD(V) = [DPpiend (V) — Pr, Blend (V) | — [Prppe(v) — Dr, more(V) |, (C)]

where @yppg and Ppjepg are the measured phase of the empty HDPE
container and the container with the blend, respectively, @ yppg and
&g plend are the references measured in an empty chamber prior to
container and blend acquisition, respectively, and v is the frequency and
all in SI units. The reference measurements through the empty chamber
accounted for laser fluctuations and drifts. It is noted that these pri-
marily affect the signal amplitude rather than the time-delay and are
thus not considered necessary in future applications if only the refractive
index is investigated.

2.10. Tablets

Spectra of the tablets were acquired in transmission by fixating the
tablet in the focus of the beam so that the centre of the face of the flat-
faced tablet was probed. The refractive index of the tablet was calculated
with Equation (3) where the sample thickness was replaced with the
tablet height. The phase difference was calculated using Equation (5),

AD(V) = [Drapiet(V) — Pr, Tabler (V) |5 5)

where @rapler and Pg rabler are the measured phase of the tablet and the
references measured in an empty chamber and v is the frequency and all
in SI units.

2.11. Data processing

Data processing was performed with Matlab R2021a (MathWorks,
Natick, MA, USA). The statistical analysis for the ANOVA model was
performed with JMP 16 (JMP Statistical Discovery LLC, Cary, NA, USA).

The root mean squared error (RMSE), and adjusted root mean
squared error (RMSE,q4;) were used for model evaluation and calculated
as

(6)

)

where y; denotes the measured value of sample i, y. denotes the pre-
dicted value, N denotes the total number of measurements, and p de-
notes the number of coefficients in the model.

The moving block standard deviation (MBSD) of the refractive index
for the mimicked in-line measurement was calculated as

i—k+(Ng—1)
(=)

MBSD; = "Nil, €)
-

—\2

where i denotes the number of the measurement in the time series, k
denotes the number of the block in the time series, Ng the block size, n;
the refractive index of the ith measurement in the time series used in the
kth block, and ny ~ the averaged refractive index of block k. In each new
block, only the succeeding measurement point in the time series data is
added, while the first measurement point from the previous block is
excluded.
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3. Results and discussion
3.1. Investigation of blends

Mixtures with MCC and different concentrations of MgSt (0.3, 0.7,
and 1.0 %) were exposed to different levels of shear by extending the
blending time (5, 10, 15, and 20 min). Increased blending times sys-
tematically shifted the untapped bulk density towards higher values
(Fig. 2). The same effect was observed for increased MgSt concentra-
tions. This agrees with previous results showing that increased MgSt
concentration and increased shear exposure of the particles results in a
densification of the powder bed (Shah and Mlodozeniec 1977; Danser-
eau and Peck 1987; Mehrotra et al. 2007; Kushner IV 2012). This
behaviour is a result of the reduced friction between particles, and thus
improved powder flowability and denser packing of the powder. In
contrast, tapping ultimately forces the powder to pack at maximum
density, irrespective of the particle friction. This caused the less distinct
trend in the tapped bulk density in Fig. 2, though the data suggests that
at least compared to MCC alone, addition of MgSt increased the tapped
bulk density.

The suitability of HDPE as a container material for THz-TDS mea-
surements on powders is described elsewhere (Anuschek et al. 2024a).
Between each of the ten measurements, the blend was reinstalled in the
blender and rotated for a single rotation. The single rotation of the blend
container included between measurements served two purposes: firstly,
to simulate a dynamic measurement of the blend at the end of a blending
cycle, and secondly to minimise the risk that the densified state of the
blend was biased due to the transferring between blender and THz-TDS
apparatus. The refractive index was analysed instead of, e.g. the ab-
sorption coefficient or the time-domain data, due to its well-described
correlation with material density at terahertz frequencies (Bawuah
et al. 2021; Stranzinger et al. 2019). The refractive index at 0.25 THz
was used for the analysis as the sample thickness limited the dynamic
range towards higher frequencies (see Supplementary Figs. S1 — S3).

Fig. 3 illustrates the measured refractive index (npjend) as a function
of the untapped bulk density. The small sample size used for bulk density
measurements caused a high variation. Nonetheless, the refractive index
visibly correlated with the measured untapped bulk density regardless of
the used MgSt concentration. As no conclusive additional effect of MgSt
concentration on the refractive index was observed, it is suggested that
the contribution of MgSt to the measured refractive index was negligible
compared to the effect of powder densification.

A close to linear trend of the refractive index with the blending time
was found for the three MgSt concentrations when excluding the MCC
sample from the fit (Fig. 4). Within the investigated blending timeframe,

+MCC- puntapped +MCC- ptapped
0.5F - 3
0.3 % MgSt: ) 0.3 % MgSt: Prapped
_— +0'7 % Mgst- puntapped +0'7 % Mgst- ptapped
E 0.45} 1.0 % Mgst- puntapped 1.0% Mgst- ptapped.,
E I
2 N
z / 2 ¥
2 1
a /I
o
% 04F
=
=3
2 I
035} /'
e !
- . : : '
0 5 10 15 20

Blending time (min)

Fig. 2. Averaged untapped (pyntapped) and tapped (piapped) bulk densities (rep-
licates = 3) for MCC and for blends of MCC with 0.3, 0.7, and 1.0 % MgSt as a
function of blending time. The error bars indicate the standard deviation for the
triplicates.
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1.215
% MCC
0.3 % MgSt i
121+ 1 0.7 % Mgst T
1.0 % Mgst +
1.205}

nBIend

1.2+ ,__T_—‘

1.195 +
1‘19 1 1 1 1 1
0.32 0.33 0.34 0.35 0.36 0.37
-1
puntapped (g mi )

Fig. 3. Averaged refractive index (npjeng) (replicates = 10 each on 3 samples) at
0.25 THz as a function of the averaged untapped bulk density (puntapped) (rep-
licates = 3) for MCC and for blends of MCC with 0.3, 0.7, and 1.0 % MgSt
blended for 5, 10, 15, and 20 min. The error bars of puntapped indicate the
standard deviation for the triplicates. The error bars of npeenq indicate the
pooled standard deviation of the ten measurements taken for each triplicate.

1.215
$ McC

0.3 % MgSt

1.21F 3 0.7 % MgSt

1.0 % Mgst
1.205

nBIend

1.2

1'19 1 1 1 ]
0 5 10 15 20

Blending time (min)

Fig. 4. Averaged refractive index (ngjenq) at 0.25 THz (replicates = 10 each on
3 samples) for MCC and for blends of MCC with 0.3, 0.7, and 1.0 % MgSt as a
function of blending time. The error bars indicate the pooled standard deviation
of the ten measurements taken for each triplicate. The solid lines are the linear
fitting functions.

the gradient of the linear fit increased with the MgSt concentration,
reaching values of 0.40, 0.76, and 0.81 min~! with RMSEs of 0.0066,
0.011, and 0.013 for the blends containing 0.3, 0.7, and 1.0 %, respec-
tively. With increased MgSt concentration, the blend thus densified
more effectively, rendering the refractive index more sensitive to
changes in the blending time (i.e. shear exposure). As the linear fits did
not intercept at the refractive index of MCC, an initial, non-linear phase
during blending is suggested, in which the MgSt particles were distrib-
uted until macrohomogeneity was reached. In addition, it is expected
that with increased blending times, the observed linear trend will level
out as a maximum surface coverage of MgSt is reached. Similar obser-
vations are reported for thermal effusivity monitoring (Nakagawa et al.
2013) or the tensile strength (Kushner IV and Moore 2010; Kushner IV
2012). The refractive index for MCC alone was in good agreement with
values found in Anuschek et al. (2024a), despite the difference in
diameter of the blending container used (4.5 cm in the presented results
versus 3.6 cm in Anuschek et al. (2024a)). This showcases the robustness
of THz-TDS-based refractive index measurements for particulate sys-
tems. Comparing the blending trends in Fig. 4 with that shown in Fig. 2
suggests that THz-TDS is a more sensitive approach for evaluating
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density changes compared to untapped bulk density measurements.
Though larger sample sizes would most likely have resulted in a more
robust determination of the bulk densities, such an approach is consid-
ered impractical for a frequent, in-process evaluation.

3.2. Investigation of tablets

The different blends were compressed to tablets at five target po-
rosities (see Table 1 and Supplementary Tables S1-S4) and subsequently
subjected to THz-TDS transmission measurements to examine the
impact of MgSt concentration and shear-exposure due to different
blending times on the refractive index after compression. It is noted that
tablets of unlubricated MCC were consistently produced with lower
porosities. This could be a result of enhanced elastic recovery of lubri-
cated tablets as described by Zuurman et al. (1999). However, this
observation is not considered relevant within the context of this study
and is thus not further addressed. The refractive index spectra are shown
in Supplementary Figures S4 — S7. To select a frequency for the refrac-
tive index analysis, the coefficient of determination (R?) of a linear fit of
refractive index and porosity was determined as a function of the fre-
quency (see Supplementary Fig. S8). This approach has previously been
used by Skelbak-Pedersen et al. (2020) and is based on a generally close
to linear relation between the refractive index and tablet porosity
(Bawuah et al. 2020). As R? seemed unaffected in the range of 0.2t0 1.5
THz with values consistently high around 0.99, the refractive index was
averaged in the frequency range from 0.4 to 0.8 THz, a commonly used
range for tablet analysis (Bawuah et al. 2020).

The averaged refractive index (nrapler) Of the tablets correlated lin-
early with tablet porosity (fnominal) independent of the blend composi-
tion and blending time (Fig. 5). This confirms that the dependency of the
refractive index on the untapped bulk density in Fig. 3 was in fact the
result of blending time-dependent densification of the powder. Any
additional contribution of MgSt to the spectrum of, e.g. the crystal
phonon modes, would have been visible even after compression to a
defined density if present.

3.3. Process monitoring of blending with MgSt

To investigate whether monitoring of density changes with THz-TDS
can be used to control blend lubrication with MgSt, an in-line mea-
surement of the blend was mimicked. The blend was measured through
the container at every fifth rotation for a total blending time of 20 min.
In addition, a single measurement of the powder was acquired before the
start of the blending cycle. The refractive index as a function of blending

1.9
o McCC A 5 min blending time

0 0.3 % MgSt o 10 min blending time
o0 0.7 % MgSt ¢ 15 min blending time
0 1.0 % MgSt + 20 min blending time
—Linear regression
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|17}
-
<
1.6
1'5 ' 1 1 1 1 ]
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Fig. 5. Refractive index of tablets (nrapier) averaged between 0.4 and 0.8 THz as
a function of the nominal tablet porosity (fnominal) for tablets prepared from
MCC and from blends of MCC with 0.3, 0.7, and 1.0 % MgSt blended for 5, 10,
15, and 20 min. The solid line is the linear fitting function.
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time can be found in Fig. 6 (top). The refractive index at 0.25 THz was
extracted for the analysis in alignment with Section 3.1 (for refractive
index spectra see Supplementary Figs. S9 — S11). The mimicked in-line
acquisition during the blending cycle mirrored the previously ob-
tained results on the finished blends (Fig. 4). A predominantly linear
increase of the refractive index with the blending time was found,
indicating a continuous densification of the blend. However, within the
first five rotations this increase deviated from the linear trend. MgSt
seemingly caused an almost instantaneous, within a few rotations, in-
crease in the blend density. Using the previous linear fitting functions
obtained from the finished blends (Fig. 4), overall, slightly higher values
were found for the mimicked in-line measured blends, yielding root
mean squared errors for the refractive index of 0.0013, 0.0011, and
0.0016 for blends with 0.3, 0.7, and 1.0 %, respectively (Fig. 6 top). To
investigate this further, the corresponding blending times of the in-line
measurements were predicted based on the refractive index and the
linear models established in Fig. 4 as shown in Fig. 6 (bottom). Initially,
the models accurately predicted the blending times but deviated to-
wards higher values after around 10 min. The deviation is attributed to
the difference in the blending dynamics of the non-interrupted blending
process in the analysis of the finished blends, and the frequently inter-
rupted, mimicked in-line blending process. Especially, the frequent
sample transfer between blender and THz-TDS equipment, could have
resulted in increased shear exposure or tapping densification of the
blends. This is aligned with the increasingly deviating predictions at
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Fig. 6. Top: refractive index of blends (npjenq) of blends of MCC with 0.3, 0.7,
and 1.0 % MgSt as a function of blending time during the mimicked in-line
blending. The solid lines are the linear fitting functions obtained from the
finished blends (Section 3.1). Bottom: predicted blending time based on the
linear fitting functions for the finished blends in Fig. 4 and the refractive index
obtained during the mimicked in-line blending and shown as a function of the
actual blending time for the mimicked in-line blending for blends of MCC with
0.3, 0.7, and 1.0 % MgSt. The straight line is the bisector.
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longer blending times, for which the accumulating number of sample
transfers could have caused a continuous increase in the excess shear or
tapping of the system and, thus, powder density. Such differences in the
THz-TDS results of these two measurement modes (non-interrupted
blending and interrupted blending by mimicking in-line measurements)
have also been described previously by Anuschek et al. (2024a) for the
investigation of blending processes. In addition, the frequent sample
transfers between THz-TDS measurement chamber and blender are ex-
pected to have resulted in additional variation of the measurements,
which is expected to improve if a real in-line setup is used. However, as
also in such a setup density-fluctuations can be expected, Fig. 6 dem-
onstrates that systematic changes in density due to MgSt can be followed
even in the presence of density-fluctuations by following the magnitude
of the systematic changes.

4. Considerations for process integration of THz-TDS for
monitoring shear-dependent lubrication

4.1. General considerations

A general suggestion for THz-TDS based powder monitoring for
batch and continuous manufacturing processes can be found in Anu-
schek et al. (2024a). Monitoring of shear-induced lubrication, as
described in this work, may require some additional considerations.
Rate of change models, such as the moving block standard deviation
(MBSD) or moving F-test, are commonly applied in blend monitoring
strategies (Besseling et al. 2015; FDA 2021). However, they cannot be
applied to the presented THz-TDS analysis to monitor lubrication. This is
demonstrated with the MBSD as a function of the blending time in
Supplementary Fig. S12 using a block size of ten. Similar values were
found between the three MgSt concentrations with a constant range of
values for the whole blending process. The result was expected as THz-
TDS follows the lubrication process as a function of the physical density
changes and not the homogeneous chemical distribution of MgSt in the
blend.

Instead, an endpoint or steady-state could be defined by a target
density monitored with THz-TDS, for which the manufacturability of the
powder and its favourable tablet properties have been proven. A pre-
dictive model could also directly be applied for which the impact of
lubrication extent based on the measured density is related to a target
CQA (see Section 3.4.3). Both require positioning of the probe at a
location in the process where the powder can settle or flow in a
controlled manner. If strong density fluctuations are observed, moni-
toring of the moving block average should be considered, to follow an
underlying trend. Positioning the probe as close to tablet compression as
possible would enable the monitoring of the lubricated blend after the
additional shear introduced in total by all the various process steps. For
example, the tableting feed frame would be well suited for sample
presentation. However, with such a positioning it would be too late to
react to an unacceptable blend without needing to discard blend to
waste and earlier positions in the production process may therefore be
more desirable. For in-line measurements, variation in blend density
unrelated to lubrication should be considered when deciding on the
probe position. Finally, changes in raw material attributes, e.g. water
content or particle size and morphology distributions, may affect the
measured refractive index and should be considered during develop-
ment, validation, and throughout the lifecycle of the analytical
procedure.

The presented strategy is considered particularly advantageous
during continuous manufacturing where real-time assessment of
formulation properties is necessary to ensure a state of control
throughout the manufacturing process. However, as shear variability in
blend intermediate may vary from batch to batch, THz-TDS as a fast and
non-destructive method to assess such variability could also be consid-
ered within batch processes. Once variability in process or on the batch
are detected, corrective actions can be taken within an established
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framework for feedback (e.g. adjustment of blend parameters) and feed
forward (e.g. adjustment of tablet porosity) process control.

It should be noted that a final monitoring strategy is not expected to
require reference measurements before each measurement as performed
in the presented study. Also, the measurement time of 1 s can be
shortened if desired. By adjusting the probed time window, measure-
ment rates of up to 50 measurements/s can be achieved, which could
reduce the measurement time towards one fifth. Faster measurement
rates could be acceptable as it has been shown to only have limited ef-
fects on the accuracy of time delay related parameters (Anuschek et al.
2024b).

4.2. Comparison of THz-TDS to proposed alternative methods for MgSt-
blend analysis

Using density changes of blends containing MgSt to monitor blend
lubrication has also been suggested using thermal effusivity and NIR
reflectance spectroscopy (Uchiyama et al. 2014; Yoshihashi et al. 2013;
Nakagawa et al. 2013). The advantage of one PAT tool over the other
will likely be a combination of factors. In comparison to thermal effu-
sivity and NIR reflectance spectroscopy, THz-TDS has the advantage of a
well-described and clear dependency between the refractive index at
terahertz frequencies and material density for which various physical
models have been demonstrated (Bawuah et al. 2020). These models
commonly depend on the pore and particle shape besides the powder or
compact density. However, as pores or particle shapes are not likely to
change upon blending, the density can be considered the main
contributor to changes in the refractive index. Further, a linear fitting
function is a sufficiently good approximation for most cases, although
more complicated underlying models can be assumed. In comparison,
thermal effusivity is determined by three separate variables, namely the
thermal conductivity, heat capacity, and powder density, all of which
might change during a blending process (Uchiyama et al. 2014).
Uchiyama et al. (2014) demonstrated that a correlation between thermal
effusivity and bulk density can only be established once thermal con-
ductivity and heat capacity stabilise. The sensitivity of NIR spectroscopy
to physical parameters of the sample is often complex and a result of
differences in the diffused scattering behaviour and changes in the
effective path length of the radiation in the sample (Otsuka and Yamane,
2006). Based on this, some studies have investigated the applicability of
NIR reflectance measurements to monitor blending dynamics of lubri-
cated powders (Nakagawa et al. 2013; Otsuka and Yamane 2006; Otsuka
and Yamane 2009). Compared to THz-TDS transmission measurements,
NIR reflectance spectroscopy may offer the opportunity to simulta-
neously monitor the chemical composition of the blend and thus MgSt
concentration. However, density changes might affect the accuracy of
the concentration monitoring as they may be confounded, in particular
at low concentrations. As changes in the MgSt concentration could not
be assessed with THz-TDS, a joined monitoring strategy could be
considered. In combination with THz-TDS, that would monitor shear-
exposure based on density changes, a second process analyser, which
is proven sensitive to the MgSt concentration (i.e. NIR reflectance or
Raman spectroscopy), could be implemented for an accurate monitoring
of the lubrication of the blend. A comparable strategy was also proposed
by Nakagawa et al. (2013) using thermal effusivity and NIR reflectance
spectroscopy. However, THz-TDS does not require direct contact with
the sample in contrast to thermal effusivity measurements.

4.3. Case study: A THz-TDS-based model to predict the tensile strength

In the following, a case study is presented of how THz-TDS moni-
toring of shear exposure of MgSt containing systems could be included
into a monitoring approach of CQAs sensitive to lubrication. The tablet
tensile strength was used as a CQA that is well-known to be affected by
the shear exposure of MgSt containing blends. Commonly, a reduction in
tensile strength upon increased shear exposure is explained by an
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expanding surface coverage of the primary particles with MgSt and the
in turn resulting decrease in particle—particle bonding strength (Shah
and Mlodozeniec 1977; Wang et al. 2010). This effect is particularly
pronounced in materials with ductile behaviour upon compression, e.g.
MCC as used in this study. Here, fragmentation is limited and thereby
the creation of new surfaces unexposed to MgSt is restricted (Jarosz and
Parrott 1984).

The effect of blending time (i.e. shear), MgSt concentration, and
porosity on the produced tablets is exemplified in Fig. 7. Results are
presented semi-logarithmically as a function of porosity aligned with the
commonly used Ryshkewitch-Duckworth equation as described in the
USP monograph < 1062 > Tablet Compression Characterisation
(Ryshkewitch 1953; USP 2024). However, the data deviated from the
ideal, linear behaviour and a second-degree polynomial fitting function
was found to describe the compactibility behaviour better. Naturally,
tablet tensile strength was strongly affected by porosity as apparent in
Fig. 7. A general trend towards lower tensile strengths was found with
increased MgSt concentration. Similarly, the tensile strength decreased
when blending was prolonged.

To incorporate THz-TDS-based monitoring of shear exposure for
production of tablets into a monitoring strategy for the tensile strength,
it is necessary to also consider tablet porosity and the concentration of
MgSt. Given the extensive study on THz-TDS as a PAT tool for tablet
porosity (Markl et al. 2017; Bawuah et al. 2020, 2021, 2023; Anuschek
et al. 2023), a direct combination of the two THz-TDS-based procedures
was considered reasonable. An illustration of how such a monitoring
strategy could be included in a production batch process is presented in
Fig. 8, where tensile strength is evaluated based on

i) THz-TDS-based monitoring of blend density relating to primarily
the shear exposure based on the measured blend refractive index
as presented in Section 3.1 and 3.3. It is noted that Fig. 4 dem-
onstrates that also MgSt concentration affects the bulk density
and thus a combined effect of MgSt concentration and shear is
monitored.

ii) THz-TDS-based monitoring of tablet porosity based on the
refractive index (see Fig. 5 in Section 3.2).

iii) The MgSt concentration in the formulation which could for
example be based on the recipe, actual amounts, or additional
PAT tools, e.g. NIR reflection or Raman spectroscopy.

To evaluate the potential of such a THz-TDS-based model for the
tensile strength, a three-way mixed ANOVA was applied on the collected
data of all produced tablet batches (see Table 1). Tablet mass,
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Fig. 7. The decadic logarithm of the tablets’ tensile strength (o) as a function of
nominal tablet porosity (fuominal) for tablets prepared from MCC and from
blends of MCC with 0.3, 0.7, and 1.0 % MgSt blended for 5, 10, 15, and 20 min.
The lines are the second-degree polynomial fits.
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Fig. 8. Illustration of the envisioned control strategy within a batch process. A first THz-TDS sensor assesses the blend density, i.e. lubrication-dependent blend
densification to primarily assess the shear exposure, either during/after the blending step or after storage of the blend intermediate. A second THz-TDS sensor
assesses tablet porosity after compression. Input from both models is combined with the MgSt concentration (e.g. based on recipe or other PAT tools) to predict the
effect on the tablet tensile strength according to Equation (9), or other tablet CQAs.

dimensions, porosity, and tensile strength are summarised in Supple-
mentary Tables S1-S4. The MgSt concentration, the refractive index of
the blend (as a surrogate for blending time i.e. shear, see Fig. 4), and the
refractive index of the tablets (as a surrogate for porosity, see Fig. 5)
were included as factors to describe the logarithmic tensile strength. The
logarithmic tensile strength was used due to the linear relation when
applying the Ryshkewitch-Duckworth equation. The three main factors,
the self-interaction of the refractive index of the tablets and of the MgSt
concentration (quadratic terms), and the interaction between the
refractive index of the tablets and the MgSt concentration were found to
influence the logarithmic tensile strength significantly. To avoid over-
fitting, the effect of each factor on the root mean squared error of the
models adjusted for the number of fitting parameters (RMSE,q;) was
investigated. The resulting model comprised the three main factors and
the self-interaction of the refractive index of the tablets (Equation (9), p
= 0.0001, RMSE,q; = 0.021),

10814(6) = — 7.7 p1ena + 16.5Mrapier — 4.0912,,1., — 0.07Wyggs; — 6.10MPa
)

where ¢ is the tensile strength, wygs: is the MgSt concentration, and
Nplend and nrapler are the refractive index of the blend and tablet,
respectively. Coefficients in Equation (9) are not normalised to enable
direct prediction of the tensile strength based on non-adjusted input
parameters. Normalisation resulted in coefficients of —0.067, 0.29,
—0.066, —0.055, for ngjend, NTablets n%ablet, and wygs;, respectively.
Equation (9) can be interpreted as a combined model where:

i) the first term shows a linear dependency for the logarithmic
tensile strength with the blend bulk density, but with the bulk
density replaced with the refractive index of the blend. The term
captures changes in the tensile strength by increased blending
time or MgSt concentration as shown in Fig. 4. It is noted that the
effect of blending time can be more universally understood as the
effect of shear on the system.

ii) the second and third terms show the almost linear dependency for
the logarithmic tensile strength with the tablet porosity in
accordance with the use of the Ryshkewitch-Duckworth equa-
tion. The third term can be considered a correction for the devi-
ating, slightly curved dependency in Fig. 7, aligned with the

second degree polynomial fit. In the model, the tablet porosity is
replaced with the tablet refractive index based on the linear
relation between refractive index and porosity for tablets in
Fig. 5.

iii) the fourth term adjusts for the tensile strength dependency of the
MgSt concentration in the compactibility plots (Fig. 7). This term
corrects for additional changes in density due to MgSt that are not
already explained by i.).

To analyse the impact of each term on the error, models based on
Equation (9) were examined with specific terms removed. The corre-
sponding RMSEs are summarised in Table 2. When including only tablet
porosity (i.e., Ngpler) in the model, the error more than doubled. How-
ever, a noticeable reduction in error was achieved by incorporating
Nplend- The inclusion of npjeng, which captures blending time and MgSt-
related changes, reduced the RMSE by 46 %. Additional inclusion of
Wwgst further reduced the error though the term only corrects the
concentration-related effects that are not already captured in the density
changes measured with ngjepg. Removing the term could be feasible but
ultimately depends on the discrepancy between bulk density increase
and tensile strength decrease for a given formulation when not only
shear-exposure but also MgSt concentration are varied.

Cross-validation results of the model are shown in Fig. 9 as the
predicted versus measured tensile strength within the 10-fold cross-
validation. Larger deviations were found towards higher values and,
therefore, also with decreased MgSt concentrations. This should not be
attributed to variations from the THz-TDS measurements but rather to
the variations in the breaking force determination, which increased with
the breaking forces. This is evident based on the variations depicted as
error bars in Fig. 9, which are the standard deviation of the tensile
strength for tablets of the same porosity, blending time, and MgSt con-
centration (replicates = 6). The variation in tensile strength mirrored the
variation in its prediction, showcasing that the increased errors at higher

Table 2
Root mean squared errors (RMSE) for different fitting models based on Equation
(9). The error is shown for the predicted tensile strength (non-logarithmic form).

. . 2 2
Factors included  As Equation (9) NTablet; MTablet  MBlend> MTablets MTablet

RMSE (MPa) 0.30 0.75 0.41
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Fig. 9. Predicted tensile strength (opreq) as a function of the actual tensile
strength (o) for tablets prepared from blends of MCC with 0.3, 0.7, and 1.0 %
MgSt blended for 5, 10, 15, and 20 min. The error bars indicate the standard
deviation of the actual tensile strength measurements (replicates = 6).

values originate primarily from the breaking force method itself.

The developed model was further applied to the mimicked, in-line
measurements of the blending process. The in-line measured refractive
index of the blends, the MgSt concentration, and the measured refractive
index of the respective tablets compressed to 20 % porosity (as an
example target porosity), served as input parameters for the model
(Equation (9). Naturally, an increased blending time or MgSt concen-
tration caused a decrease in the predicted tensile strength (Fig. 10).
Conversion of data collected during the process or blend intermediate
batches after storage can therefore aid in assessing the impact of the
extent of shear-exposure on lubrication dependent quality attributes.

It is therefore concluded that a combined THz-TDS measurement
strategy to assess the effect of MgSt, particularly related to shear (here
varied by changes in the blending time) and tablet porosity for tensile
strength monitoring as outlined in Fig. 8 is generally feasible. It dem-
onstrates the potential to monitor lubrication, including shear-related
effects, of the blend as well as its influence on drug product quality.
This approach may possibly also translate to other lubrication-
dependent CQAs, such as friability, disintegration time, or dissolution
performance. Further, a translation to a continuous setup could be
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Fig. 10. The predicted tensile strength of tablets at 20 % target porosity as a
function of blending time for blends with MCC and 0.3, 0.7, and 1.0 % MgSt.
The tensile strength was predicted according to Equation (9) using the actual
refractive indices obtained during the interrupted blending time, the nominal
MgSt concentration, and the refractive index of the respective tablets at 20
% porosity.
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envisioned in which THz-TDS sensor placement would follow the sug-
gestions in Section 3.4.1. The needed input for MgSt concentration could
be based on suitable process analysers (e.g. NIR reflection or Raman
spectroscopy) or alternatively feeder data. With regards to the specific
aim of monitoring the effect on the tensile strength, implementation of
the proposed analytical procedure, would also allow a more detailed
control of the compression step. State-of-the-art, real-time control stra-
tegies of tablet compression are based on an automated, routine
assessment of tablet breaking force and mass (Markl et al. 2020; Singh
et al. 2014). A variation of MgSt concentration or shear-exposure of the
lubricated blend would likely be reflected in the automated breaking
force assessment. However, such changes in the breaking force would
trigger an erroneous adjustment of the tableting process, i.e. increased
shear exposure would result in a reduced tensile strength/breaking
force, triggering an increase in the compression pressure. As a result,
disintegration and dissolution properties of the tablets would be altered
twice — by increased lubrication of the blend and decreased porosity of
the compact. Thus, incorporating a PAT strategy for blend lubrication
would not only allow direct monitoring and potential control of blend
lubrication and of lubrication-dependent quality parameters, thus
effectively preventing over-lubrication phenomena, but also result in
overall increased process control capabilities.

5. Conclusion

The presented study investigated the applicability of THz-TDS as a
process analyser for monitoring shear-dependent lubrication of MgSt-
containing blends. It was demonstrated that the change in blend den-
sity upon increased blending times can be assessed based on the
refractive index of the blend measured with THz-TDS. A linear increase
in the refractive index with the blending time and powder density was
found for blends containing 0.3, 0.7, and 1.0 % MgSt. This effect was
found in finished blends and blends measured continuously over a 20
min blending cycle. It was further demonstrated that blend density
measurements by THz-TDS can be used as a surrogate to evaluate the
total shear-exposure. This was shown by a joint blend and tablet density
measurement with THz-TDS for a predictive tensile strength model. The
blend assessment primarily factored in the impact of shear exposure,
while the tablet measurement considered the effect of porosity on tensile
strength. Inclusion of the THz-TDS assessment of the blend density,
resulted in an improved tensile strength description, reducing the RMSE
by over 40 % (0.33 MPa). The promising results indicate that THz-TDS-
based density monitoring is a viable method for tracking shear exposure
in MgSt-containing blends and could be integrated into a PAT frame-
work for effective process monitoring and quality control in tablet
manufacturing.
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