THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Terahertz sensing for pharmaceutical

applications

ANIS MORADIKOUCHI

CHALMERS

UNIVERSITY OF TECHNOLOGY

Terahertz and Millimetre Wave Laboratory
Department of Microtechnology and Nanoscience-MC2
Chalmers University of Technology
Gothenburg, Sweden, 2023



Terahertz sensing for pharmaceutical applications

ANIS MORADIKOUCHI

Copyright © 2023 ANIS MORADIKOUCHI
ORCID: 0000-0003-3811-1024

ISBN 978-91-7905-828-9

Doktorsavhandlingar vid Chalmers tekniska hogskola, Ny series nr 5294
ISSN 0346-718X

This thesis has been prepared using IXTEX.

Chalmers University of Technology

Department of Microtechnology and Nanoscience-MC2
Terahertz and Millimetre Wave Laboratory

SE-412 96 Gothenburg, Sweden

Phone: 446 (0)31 772 1000

www.chalmers.se

Printed by Chalmers Reproservice
Gothenburg, Sweden, April 2023



To my beloved family.






Abstract

Pharmaceutical tablets are manufactured through the compaction of powder
blends or granules in batch or continuous processes. In continuous manu-
facturing, real-time assurance of quality becomes essential to ensure that the
final product meets the quality standards approved by manufacturers and reg-
ulatory authorities. Process analytical methods used for real-time monitoring
and control should be rapid, non-destructive, and suitable to be conducted
in the manufacturing area. This thesis demonstrates the terahertz frequency
domain (THz-FD) technique, based on all-electronic solutions, as a fast, sensi-
tive, and non-destructive sensing technique, with the advantage of a reasonable
compromise between deep penetration depth and high spatial resolution, high
dynamic range, and miniaturization capabilities. In this study, the THz-FD
technique was explored to monitor the key physical properties such as tablet
density and porosity through effective refractive index using a vector network
analyser. In addition, taking advantage of the lower scattering effect of the
THz region compared to higher frequencies, the feasibility of terahertz fre-
quency domain spectroscopy (THz-FDS) combined with multivariate analysis
to quantify drug content and tablet density was explored. As the quality of
the tablets is highly impacted by the powder flow during manufacturing pro-
cesses, it is beneficial to build quality assurance before the tableting process.
In the last study, the capability of a terahertz frequency-modulated continu-
ous wave (FMCW) radar was for the first time explored to characterise the
powder flow dynamics in manufacturing processes. The velocity and density
variations of falling powder streams in a vertical tube were non-invasively
measured, using a 340-GHz radar instrument with a deep penetration depth
through the powder flow and a sample volume resolution in the order of a few
cubic centimeters.

In conclusion, it was demonstrated that the THz-FD technique and tera-
hertz FMCW radar are highly promising as non-invasive process analytical
tools for real-time quality monitoring of pharmaceutical powders and tablets.

Keywords: Pharmaceutical, powders, tablets, terahertz sensing, frequency
domain spectroscopy, porosity, tablet density, multivariate analysis, API con-
tent, radar, powder flow characterization.
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CHAPTER 1

Introduction

1.1 Introduction

In the pharmaceutical industry, tablets are one of the most convenient dosage
forms for the administration of drugs to patients. Tablets are bulk assemblies
of solids in the form of powder particles, and gases in the form of air voids.
A typical tablet formulation consists of active pharmaceutical ingredient(s)
(API) and excipients with different functionalities, such as fillers, binders,
and lubricants. Powders as raw materials are fed into the manufacturing pro-
cess, undergo different interconnected manufacturing steps, and tablets are
obtained as the final product. The quality of the tablets is highly sensitive
to the initial characteristics of the powder particles entering the operation
and their powder flow properties during processing [1]. Powder flow prop-
erties influence tablet properties, such as tablet density, porosity, mass, and
drug content uniformity, which play a crucial role in the disintegration and
dissolution of tablets [2]. The assessment of powder flow properties during
manufacturing and the assessment of tablet properties as the final product is
essential to ensure that the final product fulfills the required specifications.
In this context, there is an increased need, especially in continuous manufac-
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turing, to build quality control into the manufacturing process, using process
analytical tools. These should be fast and non-destructive, enabling the imple-
mentation into the production line for real-time monitoring and control [3].
Various techniques for inspecting the properties of blends and tablets have
been developed over the past years. Many of these techniques, such as mer-
cury porosimetry and X-ray tomography, are typically slow, destructive, and
not suitable for real-time sensing. Near-infrared spectroscopy [4]—[8] and Ra-
man spectroscopy[9], [10] are common process analytical techniques to quan-
tify drug content and assess the uniformity of drug content of powders and
tablets. However, due to the short wavelength, these techniques suffer from
scattering effects and limited penetration depth. Moreover, these techniques
often require careful development and validation of robust multivariate cali-
bration models. Electrical capacitance measurements enable the monitoring
of powder flow properties based on variations in permittivity [11]. However,
the requirement for a large number of capacitive probes for high spatial res-
olution limits its application. Acoustic emission and active sonic techniques
have been used to characterize tablets and powder flow [12]. However, these
techniques offer a low spatial resolution, the noise level is high, and the signal
can get contaminated by other sources of sound waves|13].

Researchers have proposed terahertz radiation as an alternative technique to
overcome the above-mentioned challenges [14], [15]. The terahertz frequency
range lies between the microwave and infrared regions. Compared to the
infrared region, terahertz waves are less vulnerable to scattering effects as
a result of longer wavelengths. This feature provides a deeper penetration
depth into powders and tablets, offering the characterization of a larger sample
volume. The advantage of terahertz waves compared to microwave techniques
is the higher spatial resolution, since the diffraction-limited resolution scales
with the wavelength. Finally, the very low energy level of terahertz waves (4
meV at 1 THz) makes this technique non-ionizing and non-destructive.

Terahertz sensing as a fast non-destructive tool for pharmaceutical appli-
cations [15] allows the real-time monitoring of physical properties of powders
and tablets. Terahertz time-domain spectroscopy (THz-TDS) was typically
the selected technique for terahertz dielectric characterisation of tablets |16].
The correlation between the effective refractive index and tablet porosity was
studied using a terahertz spectrometer[17]. Bawuah et al. used THz-TDS to
obtain the porosity of tablets composed of one excipient [18] and later tablets
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consisting of several excipients and an API [3]. Naftaly et al. proposed the
use of THz-TDS to analyze the open porosity and scattering loss of powder
compacts |19]. THz-TDS to assess tablet porosity and particle fragmentation
during tableting has also been studied [20]. A lab-experimental THz-TDS
set-up for monitoring powder flow densification was studied in [21]. THz-TDS
instrumentation is a versatile tool for tablet characterisation in a lab environ-
ment. However, the miniaturisation of THz-TDS systems for implementation
in production lines still remains a challenge.

In this thesis, the terahertz frequency domain technique (THz-FD), based
on all-electronic solutions, is proposed as a fast, sensitive, and non-destructive
sensing technique with high dynamic range and miniaturisation capabilities
required for a future compact measurement system for in-line sensing [22]-
[25].

In the first studies [Papers A and B], tablet density and porosity were
assessed based on the effective refractive index of tablets at the terahertz fre-
quency range. The effective refractive index of tablets was extracted from the
transmission measurement of the scattering parameters of tablets using a vec-
tor network analyser and quasi-optical components across the frequency range
of 325-500 GHz and 500-750 GHz. The mean value of the refractive index over
the frequency range was used for extracting porosity. The results showed that
the THz-FD measurements were highly sensitive to minute changes in tablet
density and porosity, due to the change of materials and varying design fac-
tors, such as the particle size of the filler and the API, the compaction force,
and the API concentration.

In the next study [Paper C], offering the advantage of the lower scattering
effect, the feasibility of terahertz frequency domain spectroscopy (THz-FDS)
combined with multivariate analysis to quantify API concentration and tablet
density was explored. The terahertz signal was measured in transmission mode
using the same set-up as in paper B, but across the frequency range of 750
GHz to 1.5 THz. This frequency range was chosen based on the presence of
the absorption peaks of the ingredients of the tablets. Orthogonal partial least
squares (OPLS) regression was applied to the spectral data to develop quan-
titative models for API concentration and tablet density. A fair model was
obtained for API concentration and a high-quality model for tablet density.

In the last study [Paper D], a terahertz frequency-modulated continuous
wave (FMCW) radar with a center frequency of 340-GHz [26] was for the
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first time proposed to characterize the flow dynamics of powders in processing
pipelines mimicking manufacturing operations. A set-up was designed for dis-
pensing powder particles and flowing them through a vertical tube to simulate
typical vessels in manufacturing processes. The radar successfully monitored
real-time powder dynamics, such as powder flow velocity, density distribution
and variations, and the position of powder streams inside the tube for dif-
ferent mass flow rates, particle sizes, and materials. Overall, the terahertz
FMCW radar was demonstrated to be a promising diagnostic tool for remote
sensing and process monitoring of the flow properties of powder streams in
manufacturing processes.



CHAPTER 2

Interaction of terahertz waves with solids

This chapter describes the interaction of terahertz waves with solids. Section
23] presents the basics of terahertz spectroscopy for two main techniques, tera-
hertz time-domain spectroscopy (THz-TDS), and terahertz frequency-domain
spectroscopy (THz-FDS) which is the main focus of this thesis. In the THz-
FDS technique, the scattering parameters explained in section are used
to study the propagation of electromagnetic waves in a medium, as explained
in section 2.3] Section [2.4] explains the interaction of electromagnetic waves
with a particle. Lastly, section [2.5] describes the interaction of electromagnetic
waves with a moving object emitting from a radar system.

2.1 Terahertz spectroscopy for tablet
characterisation

Terahertz spectroscopy has recently emerged as a fast non-destructive tech-
nique for real-time tablet characterisation that tackles the existing limitations
of other vibrational spectroscopy techniques, such as scattering effects, short
penetration depth, and complex nature of the measured spectra with the need
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for multivariate calibration techniques. The terahertz spectral region is de-
fined in the range of 100 GHz (3 mm) to 10 THz (30 pm), which is between
the millimeter and the far-infrared region of the electromagnetic spectrum.
The longer wavelength of terahertz waves compared to Near-infrared region
provides deeper penetration depth and lower scattering effects. This permits
to probe tablets and extract information that represents bulk properties of
materials [27]. Additionally, the low photon energy of terahertz radiation
makes it a safe sensing method.

2.1.1 terahertz time-domain spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) has been the reference tech-
nique for terahertz spectroscopy, which has recently gained increasing interest
in the pharmaceutical industry. THz-TDS is based on the interaction of short
terahertz pulses with matter. This technique measures both the amplitude and
phase information of the transmitted signal through a sample. An ultra-fast
laser sends optical pulses with femtosecond pulse duration into a photocon-
ductive antenna to be transformed into a picosecond terahertz pulse. Usually,
the pulse is guided and focused on the sample via off-axis parabolic mirrors.
The terahertz pulse interacts with the sample under test and is collected at
the detector together with the beam from the delay line [27], [28].

This technique has the advantages of a wide frequency bandwidth from 100
GHz to 2 THz, with the downside of being a bulky measurement set-up that
needs careful alignment of the optical components [3].

2.1.2 terahertz frequency-domain spectroscopy

terahertz frequency-domain spectroscopy (THz-FDS) is based on the interac-
tion of pulse or continuous electromagnetic waves with matter. One approach
for THz-FDS is electronic solutions based on heterodyne transmitters and
receivers [29]. A vector network analyser is a key instrument in THz-FD
technique for measuring the scattering parameters of materials, which will
be explained in Sec. In this method, a vector network analyser (VNA)
along with two frequency extenders, two horn antennas, and off-axis parabolic
mirrors or lenses (if needed, in order to focus the beam on the sample), see
Fig. 2] are used to emit continuous electromagnetic waves to a sample and
measure the scattering parameters of the sample, both phase and amplitude
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of the reflection and transmission coefficients. The VNA generates sinusoidal
continuous waves, which are up-converted to the terahertz range by the fre-
quency extenders [29]. The first horn antenna, after the frequency extender,
transmits the generated terahertz signal, which is then guided and focused
on the sample by optical components. After probing the sample, the signal
is guided by the optical components to the second horn antenna. The signal
is down-converted to the low frequencies by the second frequency extender
and is transferred to the VNA. The advantages of this technique are high-
frequency resolution, high dynamic range [30], high SNR, and the possibility
of set-up miniaturisation. The downside is that the measurement bandwidth
is restricted to the bandwidth of rectangular waveguides before horn antennas.
This method is currently available for frequencies up to 1.5 THz.

extender "“

;
H
i
i
~.
[PREEE £ = oxtender

M
vector

network analyzer

Figure 2.1: Schematic of a terahertz frequency-domain measurement set-up, con-
sisting of a VNA, frequency extenders, and quasi-optical components.

2.2 Scattering parameters

Scattering parameters provide a complete description of a network, device, or
material under test, relating the voltage wave incident to the system to those
reflected and transmitted, as in:

Sy = = : (2.1)

j + _
i vt,=0
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where V™ is the voltage reflected from port ¢ and Vj+ is the voltage incident to
the port j, while other ports are terminated with a matched load. As depicted
in Fig. 2.2] for a two-port network we have:

W2 )
+ 27 +
Sﬁ) <= <1822
V1_ \ 812 j V2_

Device under test

Figure 2.2: Illustration of the scattering parameters of a sample under test.

{Vl_} _ [511 512} {Vli} 7 (2.2)
Vi So1 Saa] |V
In this thesis, considering the tablets under test symmetric and reciprocal,

we have:
S11 = Saa, (2.3)

S12 = Sa1. (2.4)

where S7; is the reflection coefficient at port 1, I', while port 2 is terminated
with a matched load, Sos is the reflection coefficient at port 2 while port 1 is
terminated with a matched load. Sys is the transmission coefficient, T, from
port 2 to port 1 while port 1 is terminated with a matched load, and Ss; is
T from port 1 to port 2 while port 2 is terminated with a matched load [31],
[32]. It should be mentioned that in the case of the cascade connection of
two or more networks/materials, it is advantageous to transfer the scattering
matrix to the transmission (ABCD) matrix [33].

2.3 Propagation of electromagnetic waves in a
medium

The refractive index of a medium, 71, is a number that describes the behaviour
of a propagating electromagnetic wave through this medium. It is the ratio
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of the velocity of light in vacuum and in the medium. The refractive index
is a complex number with real and imaginary parts, iy, = ns — jks. The real
part, ng, indicates the phase velocity, while the imaginary part, x5, indicates
the attenuation of the electromagnetic wave when it propagates through the
medium.

On the other hand, the permittivity of a medium is a measure of the electric
polarisability of the medium when subjected to an external electric field. The
electric field causes the polarisation of the atoms or molecules of the material
to create electric dipole moments. A material with high permittivity polarises
more and creates a larger dipole moment in the direction of the electric field.
The real part of permittivity describes the material’s ability to interact with
the electric field without absorbing energy, while the imaginary part shows
the material’s ability to permanently absorb energy.

The real and imaginary parts of the permittivity can be written in terms
of the complex refractive index as in equation |2.5

~ / - 1 N
€r = €, — JE. = Ny,
K

P =n =KL (2.5)

€. =ns —
"
€, = 2NgKs.

T

For a material with negligible conductivity, the ratio of the imaginary to the
real part of the permittivity is called loss tangent, as in:

"

tan 6 = 6—/ (2.6)

€

TEM wave propagation in three-layer medium

The propagation of an electromagnetic wave through a three-layer medium
can be modeled by using the theory of small reflections [31]. Let’s assume
a TEM plane wave traveling from medium 1 to medium 3 with a normal
angle of incidence, see Fig. Medium 1 and 3 are free space, and medium
2 is a dielectric with refractive index iy and thickness [. The dielectric is
homogeneous and has flat surfaces.

The total transmission from medium 1 to 3, 7}, can be obtained as an
infinite sum of partial reflections and transmissions, as in:
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Medium 1 Medium2 Medium 3
Free space Dielectric  Free space

Figure 2.3: Partial reflections and transmissions on a three-layer medium.

Tt = T21T32€_j9 + T21T32F23F21€_j39 + T21T32F%3F%1€_j59 + ceey (27)

where T,,, is the transmission coefficient from medium n to m, and I',, is
the reflection coefficient from medium n to m. The partial reflection and
transmission coeflicients can be computed as below:
Z .
ZQ — ZO ﬁ*(: - ZO 1— Ng

Tgy = -Tig=-Tg=T= - = , 2.8
21 12 32 Z2+Z0 %-FZO 1+ﬁs ( )

where Zy is the impedance of free space and Z, is the impedance of the
dielectric.

Tor =1+ To1, Tso =1+ T3, (2.9)

10
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Thus, T; can be expressed as in:

Ty =1 +T)(1—-T)e (1 127920 4 14940 ...

=(1— F2)e—j9 i(FQe_jzg)i’ (2.10)
=0

Following the same procedure as for total transmission coefficient, the total
reflection from medium 1 to 3, I';, can be obtained as an infinite sum of partial
reflections and transmissions [31], as in:

Ty = Ty + TaoTo1 Thoe 920 4 T2, T 19T Thoe 40 + ..
1 o—i20 (2.11)
1 —T2e—d20"
and if the refractive index of the dielectric is close to 1, then |T'|? is =~ 0, so
we can approximate:

T,~e 9 T,~T(1-e729). (2.12)

2.4 Interaction of electromagnetic waves with a
particle

When electromagnetic waves illuminate a particle, the type of scattering de-
pends on the ratio between the wavelength and the particle diameter. If the
particle diameter is larger than around one-tenth of the incident wavelength,
Mie scattering occurs. For particle sizes smaller than this ratio, the interaction
of the wave with the particle is in the Rayleigh scattering range.

In Mie scattering, the interaction of the wave with the particle is such
that the scattering in the forward direction is larger than in other directions,
and the forward scattering intensity increases with the larger particles. The
intensity of the Rayleigh scattering also increases with particle size, but is
identical in forward and backward directions.

The radar used in this thesis measures the backscattered intensity. The
backscattering cross-section for a single spherical particle is given by:

o= 1r2Qp, (2.13)

11
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where r is the particle radius and @} is the backscattering efficiency, that can
be obtained using Mie theory. @, depends on the particle’s refractive index n
and size, the wavenumber in the surrounding medium [34].

2.5 Radar technique for moving objects

Radar systems use electromagnetic waves to determine the distance (range)
and velocity of moving objects relative to the radar. The transmitted elec-
tromagnetic waves (pulsed or continuous) reflect back from the objects to the
radar, giving information about the location and velocity of the objects. Radar
was first utilized for military use by several countries during World War II.
The term RADAR as an acronym for radio detection and ranging [35]. Nowa-
days, radar systems are used in many different applications, including remote
sensing of the environment, air-traffic control, radar astronomy, air-defense
systems, marine radars, precipitation monitoring, flight control systems, and
cars|36].

The back reflection signal off the targeted objects depends on the wavelength-
to-particle size ratio and the target properties, such as the shape and the di-
electric constant. Early radars used very long wavelengths compared to the
size of the targets and detected very low signal intensity. The advance of
high-frequency electronics pushed the operating frequencies of radars. Higher
frequencies enable better range and cross-range resolution, and therefore, al-
low the detection of smaller particles. However, the output power limitation
at high frequencies can restrict long-range applications [37].

Velocity measurement via the Doppler effect

Radar systems measure the velocity of an object via the Doppler effect. Doppler
effect refers to the change in the electromagnetic wave frequency caused by the
relative motion between a wave source and a reflecting object, such that if the
object is moving either toward or away from the transmitter, there will be a
slight change in the frequency of the reflected waves. The Doppler frequency
shift measured by an active radar is related to the velocity of the moving
object as follows:

fa=2£(), (2.14)
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2.5 Radar technique for moving objects

where f; is Doppler frequency, f; is transmitted frequency, v, is the velocity
of the object projected to the line of sight of radar, and c is the speed of light.
When a reflecting object is moving at a 90-degree angle to the radar beam,
it has no Doppler velocity. A target moving parallel to the radar beam gives
the maximum Doppler frequency shift [36].
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CHAPTER 3

Sample preparation

This chapter describes the tablet sets and the powders used in this work.

3.1 Tablet preparation

Different sets of tablets with two different formulations were used in the results
presented in this thesis. The first formulation, explained in section [3.1.1]
consisted of only excipients, and tablets were manufactured in a tablet press.
These tablets were used to investigate the sensitivity of terahertz waves to
tablets with different dielectric constants and compaction forces. The second
formulation, explained in[3.1.2] consisted of APT and excipients. These tablets
were used to investigate the sensitivity of the terahertz waves to the variations
of design factors such as the API concentration, the compaction force, and the
particle size of powders.

3.1.1 First formulation

The tablet press Kilian S 300 (Romaco Kilian, Cologne, Germany) was used
to manufacture the sets of tablets. Using a tablet press, it is possible to adjust
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Chapter 3 Sample preparation

and control the mass and the compaction force applied to the powder compact
in the tableting process, which results in tablets with different densities. This
is achieved by making use of the adjustable lower and upper punches in the
tablet press. The lower punch was used to adjust the mass of the tablets,
and the higher punch was used to tune the compaction force applied to the
tablets. This directly affects the height, density, and porosity of the tablets.

The tablets were flat faced and round with a diameter of 20 mm. The tablet
height was measured several days after compaction to allow for mechanical
relaxation. In each set, the mass of the tablets was kept constant, while
different compaction forces were applied. As a result, tablets with different
thicknesses and densities were produced. For a constant mass, thicker tablets
have lower density and higher porosity.

Chemical components of tablets

Three tablet sets with different dielectric constants were produced. Set 1
was made of Microcrystallyne cellulose, set 2 of Succinic acid, and set 3 of
Benzophenone. In each tablet set, there were seven tablets with different
compaction forces.

A. Microcrystallyne cellulose (set 1)

Microcrystallyne cellulose (MCC) is a conventional pharmaceutical excipient
used as a filler with advantages like tabletability, compatibility, and being
suitable for direct compaction [38]. The characteristics of set 1 can be found
in table[3.I] As can be seen, the height of the tablets decreases with increasing
the compaction force. This causes the tablet density to increase and the tablet
porosity to decrease.

B. Succinic acid (set 2)

Succinic acid is a common organic acid, which is used in different indus-
tries as a precursor to manufacture chemicals such as solvents, perfumes, lac-
quers, plasticizer, dyes, and photographic chemicals |39]. The characteristics
of tablet set 2 can be found in table 3.2] The same trend explained in table
3.1l follows here.
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3.1 Tablet preparation

Table 3.1: Data of tablet set 1, MCC.

Sample Height Tablet density = Compaction force
number  (mm) (gem™") (kN)

1 3.464 0.276 22.3

2 3.326 0.287 25.5

3 3.234 0.295 28.9

4 3.163 0.302 31.2

5 3.125 0.306 33.5

6 3.052 0.313 38.1

7 2.967 0.322 48.3

Table 3.2: Data of tablet set 2, Succinic acid.

Sample Height Tablet density Compaction force
number  (mm) (gem™) (kN)

1 3.066 0.312 10.6

2 3.015 0.317 13.2

3 2.944 0.324 16.9

4 2.913 0.328 18.5

5 2.823 0.338 29.5

6 2.795 0.342 31.9

7 2.763 0.346 38.7

Table 3.3: Data of tablet set 3, Benzophenone.

Sample  Height Tablet density = Compaction force
number  (mm) (gem™") (kN)

1 2.913 0.232 4.0

2 2.809 0.241 6.4

3 2.717 0.249 9.8

4 2.650 0.255 14.3

5 2.600 0.260 16.7

6 2.583 0.262 20.1

7 2.532 0.267 24.5
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Chapter 3 Sample preparation

C. Benzophenone (set 3)

Benzophenone is used as a flavour ingredient, fragrance enhancer, and as an
additive for plastics, coatings and adhesive formulations, and to prevent ul-
traviolet light-induced damage to cosmetics [40]. The characteristics of tablet
set 3 can be found in table The same trend explained in table [3.1] follows
here.

3.1.2 Second formulation

A sample set of 69 tablets consisting of an API (ibuprofen), an excipient
(mannitol), and a lubricant (magnesium stearate) was studied. Ibuprofen is
a drug substance widely used for treating pain, fever, and inflammation [41].
Ibuprofen particles are needle-shaped with low flowability [42]. Mannitol is
a widely used filler in the formulation of chewable or rapidly disintegrating
tablet formulations. It is water soluble, nonhygroscopic, produces a semisweet
taste, and has good compactibility [43]. Magnesium stearate is widely used as
a lubricant for pharmaceutical tableting; it is relatively inexpensive, provides
high lubrication with a high melting point and chemical stability [44]. A full
factorial design of the API median particle size at two levels of (dsg ~ 71,
154 pm) and the excipient median particle size at two levels of (dsg ~ 91, 450
pum) were set, where the dso-value is the median diameter of the particle size
distribution found at 50% in the cumulative distribution. This design was
repeated at five API concentration levels (~ 16, 18, 20, 22, and 24 w/w %),
and Magnesium stearate concentration was kept ~ 1 w/w% for all tablets.
Details about the design of experiments can be found in table where
experiments 21-23 are center points that are used in the evaluation of the
design to estimate the experimental precision. Tablets from all powder blends
were manufactured at three compaction forces (~ 8, 12, and 16 kN), resulting
in 69 different tablets. All tablets were flat faced, with a nominal weight of
300 mg, a diameter of 10.0 mm and a thickness in the range of 2.9-3.4 mm.
Information about the tablets parameters are given in table
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3.2 Powder preparation

Table 3.4: Design of experiments for the tablets from the second formulation. De-
sign factors are API median particle size at two levels (71, 154 pym) ,
excipient median particle size at two levels (91, 450 pm), API concen-
tration at five levels (16, 18, 20, 22, 25 w/w% ) and compaction force
at three levels (8, 12, 16 kN) (not included in the table).

Experiment  API particle size filler particle size ~ API concentration

number dso (pum) dso (pum) (w/w%)
1 71 91 16
2 154 91 16
3 71 450 16
4 154 450 16
5 71 91 18
6 154 91 18
7 71 450 18
8 154 450 18
9 71 91 20
10 154 91 20
11 71 450 20
12 154 450 20
13 71 91 22
14 154 91 22
15 71 450 22
16 154 450 22
17 71 91 24
18 154 91 24
19 71 450 24
20 154 450 24
21 95 211 20
22 95 211 20
23 95 211 20

3.2 Powder preparation

Three common pharmaceutical powders were used in the study for the char-
acterisation of powder flows, which will be discussed later in chapter seven.
The powders included microcrystalline cellulose (MCC), PEARLITOL 100
SD Mannitol, and calcium phosphate dibasic anhydrous (DCP). The particle
size of the MCC powders was varied at three levels with d5q of 100 pm (MCC-
100), 350 pm (MCC-350), and 500 pm (MCC-500), where, dsg, is the median
diameter size of the particle size distribution. The particle size for Mannitol
and DCP was 100 ym in both cases.
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Chapter 3 Sample preparation

Table 3.5: List of characterised tablets for the second formulation. The ingredients were
Ibuprofen, Mannitol Parteck M100 and Mannitol Parteck M200, Mannitol
Pearlitol 400DC, magnesium stearate. The thickness of each tablet was mea-
Tablet density was calculated from the
weight and dimensions of tablets, and the true density of compact powder was

sured five times by a micrometer.

calculated as will be explained in chapter four.

Tablet  Thickness Mass Tablet density  True density API con. Com. force
(mm)  (mg)  (gem 3  (gem™3)  (w/w%) (kN
Set 1
1 3.340 306 1.166 1.433 16.8 7.4
3.190 306 1.221 16.8 12.2
3.106 306 1.254 16.8 16.0
2 3.325 304 1.164 1.436 16.2 7.9
3.175 304 1.219 16.2 12.1
3.089 304 1.253 16.2 15.9
3 3.072 303 1.256 1.432 16.0 8.0
2.976 303 1.296 16.0 11.8
2.926 303 1.318 16.0 15.8
4 3.095 305 1.255 1.431 16.2 8.4
3.015 305 1.288 16.2 11.9
2.956 305 1.314 16.2 15.9
Set 2
5 3.298 303 1.170 1.425 18.5 8.2
3.174 303 1.216 18.5 12.2
3.076 303 1.254 18.5 15.8
6 3.356 306 1.161 1.427 18.0 7.9
3.203 306 1.216 18.0 12.0
3.121 306 1.248 18.0 15.9
7 3.123 306 1.248 1.421 18.4 8.2
3.029 306 1.286 18.4 12.1
2.961 306 1.316 18.4 15.8
8 3.117 307 1.254 1.424 17.9 8.5
3.057 307 1.278 17.9 11.9
3.014 307 1.297 17.9 15.3
Set 3
9 3.321 304 1.165 1.416 20.6 8.2
3.180 304 1.217 20.6 12.2
3.103 304 1.247 20.6 16.0
10 3.371 307 1.160 1.419 19.9 7.8
3.250 307 1.203 19.9 11.7
3.146 307 1.242 19.9 15.4
11 3.066 302 1.254 1.417 19.5 8.0
2.985 302 1.288 19.5 11.9
2.972 302 1.294 19.5 15.2
12 3.144 306 1.239 1.418 19.3 8.4
3.054 306 1.276 19.3 12.0
3.008 306 1.295 19.3 16.0

20



3.2 Powder preparation

Tablet Thickness Mass Tablet density True density API con. Com. force

(mm) (mg) (g cm™3) (g em™3) (w/w %) (kN)
Set 4
13 3.335 304 1.161 1.407 22.7 8.3
3.195 304 1.212 22.7 11.9
3.133 304 1.236 22.7 16.1
14 3.336 304 1.160 1.409 22.2 8.3
3.230 304 1.198 22.2 11.8
3.129 304 1.237 22.2 15.6
15 3.124 303 1.235 1.402 22.9 7.9
3.012 303 1.281 22.9 13.0
2.973 303 1.298 22.9 16.0
16 3.154 305 1.231 1.408 21.4 7.9
3.071 305 1.264 21.4 11.7
3.041 305 1.277 21.4 14.6
Set 5
17 3.348 304 1.156 1.398 24.8 7.8
3.215 304 1.204 24.8 11.8
3.151 304 1.228 24.8 15.5
18 3.375 307 1.158 1.401 24.1 8.0
3.270 307 1.195 24.1 11.5
3.154 307 1.239 24.1 15.8
19 3.142 304 1.232 1.393 25.0 7.8
3.050 304 1.296 25.0 12.1
3.021 304 1.281 25.0 15.6
20 3.148 305 1.234 1.398 23.8 8.5
3.064 305 1.267 23.8 12.3
3.036 305 1.279 23.8 16.0
21 3.372 309 1.167 1.419 20.0 8.7
3.240 309 1.214 20.0 12.3
3.164 309 1.244 20.0 16.1
22 3.378 307 1.157 1.418 20.1 8.3
3.241 307 1.206 20.1 11.8
3.107 307 1.258 20.1 16.7
23 3.378 305 1.149 1.417 20.4 7.9
3.204 305 1.212 20.4 12.0
3.097 305 1.254 20.4 15.9
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CHAPTER 4

Terahertz characterisation of pharmaceutical solids

This chapter describes the terahertz frequency-domain measurements set-up
used for the characterization of tablets in section [{.1] the extraction method
of effective refractive index from scattering parameter measurements and its
translation to tablet porosity in section multivariate analysis in section
and finally the terahertz radar set-up used for powder flow characterisa-
tion in section 4l

4.1 Measurement set-up for tablet
characterisation

Free space frequency-domain measurements in transmission mode was used to
characterise the tablets under study through scattering parameters measure-
ments. Free space measurement is contact-less, non-destructive and doesn’t
require sample preparation. The first set-up consisted of a VNA (Keysight
PNA-X), frequency extenders, and diagonal horn antennas (VDI), see Fig. |4.1
The Gaussian beam after the horn antenna expands as it is traveling in the
free space, and due to the large diameter of the beam reaching the tablet, this
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Chapter 4 Terahertz characterisation of pharmaceutical solids

Figure 4.1: Photograph of experimental set-up in transmission mode for scattering
parameters measurements.

w380 =24 =-f:-:-’-

M: parabolic
mirrors
f: focal length

Figure 4.2: a) Photograph and b) schematics of the experimental set-up showing
terahertz scattering parameter measurements in transmission mode.
The blue square represents the area showed in the photograph.
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4.2 Effective refractive index and porosity extraction

set-up is restricted to tablets with a large diameter. This set-up was used in
[Paper A] for the tablets with the first formulation with a diameter of 20 mm.
The frequency range was 325-500 GHz, provided by VDI frequency extenders
570 WM. It is possible to manipulate the beam and have a smaller beam diam-
eter by adding four parabolic mirrors to collimate and focus the beam on the
samples, see Fig. This facilitates the measurements of tablets with smaller
diameters, with the cost of being bulkier. This set-up was used for the tablets
with the second formulation with a diameter of 10 mm. The frequency range
selected was 500-750 GHz, 750 GHz-1.1 THz, and 1.1-1.5 THz, using VDI
frequency extenders WM-380, WM-250, and WM-164, respectively [Papers
B and C]. In all measurements, the empty holder was used as the reference
for relative measurements. Relative measurements suppress the uncertainty
due to possible misalignment of components, loss in the optical path, and
temperature and humidity variation.

4.2 Effective refractive index and porosity
extraction

The complex effective refractive index of the tablets can be extracted from
relative measurements of the complex transmission coefficients (T" = Sa1)
between the sample and air. In this thesis, two different methods were used
for the extraction of the effective refractive index. The first method, multiple
reflections, considers the small reflections of terahertz waves inside the tablet.
The second method, one-path transmission, simplifies the extraction of 75 by
ignoring the small reflections, and is suitable for low-loss mediums.

The effective refractive index is assumed to be homogeneous across the
tablets, and the electromagnetic wave at the surface of the tablets is assumed
to be a plane wave with a normal angle of incidence. In this work, the focus
was on the real part of the refractive index for characterising the tablet density
and porosity. The imaginary part can be used for other purposes, like studying
the moisture content.

4.2.1 Multiple reflections

In this method, iy can be extracted from the comparison of the measured
relative transmission coefficients with a modeled one [45]. The relative trans-
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Chapter 4 Terahertz characterisation of pharmaceutical solids

mission between sample and air, Ty /Ty, can be modeled as in equation [46):

(7_‘3) _ (1 _F%) e*jkgl(ﬁsfl)’ (41)

T,), ~ 1—T2e 2ikonsl

where the total transmission, T; in Fig. has been used to consider the

free space Tablet free space

—p
0=pl
Figure 4.3: Partial transmissions and reflections inside a tablet.
multiple reflections inside the tablet. kg is the free space wave number, and

[ is the thickness of the tablet. I'y is the complex reflection coefficient in the
interface between air and tablet, as in:

I = . (4.2)

The value of fi4 versus frequency was obtained numerically by solving equa-

tion 3 fi) - (;@)m_ (%)d:& (4.3)

where (Ts/T,)q is the measured relative transmission data. This equation has
multiple possible solutions because of the periodic nature of the exponential
terms. To find the correct solution, n,; from the equation below was used as
an initial estimate:
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4.2 Effective refractive index and porosity extraction

TC

i =14+ — 4.4
nsﬁ + 27Tl, ( )
where c is the speed of light in vacuum and 7 is the time delay, 7 = f%,

which is the slope of the phase of measured relative transmission versus fre-
quency [47], |48]. In order to verify the results, the model, (Ts/T4)m, was
recalculated using the obtained 74, and its magnitude and phase were com-
pared with the measurement data, (Ts/Ty)q [Paper BJ.

4.2.2 One-path transmission

In this method, the multiple reflections of waves inside the tablets are ne-
glected. The imaginary part, ks, can be extracted from the amplitude of the
relative transmission, which will not be discussed here. The real part of 7,
ng, can be obtained from the phase shift of the relative transmission, using
only the first transmission path, T}, in the Fig. as in [49]:

(Ap —2mm) A

s:]-_ 5
" 27l

(4.5)
where A¢ = ¢ — ¢q is the relative phase shift of the transmission coefficient
between sample and empty holder, [ is the tablet thickness, and m is the
number of wavelength inside tablets. m accounts for the possible phase ambi-
guity, which can be caused due to the multiple wavelengths inside thick tablets
(compared to the wavelength of terahertz waves). The phase ambiguity can
be addressed by approximating the number of the wavelength, as in:

I 1
(neo—1)——z<m< (nso—1)

-3 , (4.6)

DO =

l
s
where )¢ is the wavelength in free space, ns ¢ is the initial guess for n;.

This method is simple, but neglects the multiple reflections inside the tablets
and requires an initial guess for ng to calculate m [Paper A].

As it was mentioned, a plane wave has been assumed for this extraction,
whereas the nature of the propagating beam from horn antennas is Gaussian
beam. Modeling the relative transmission considering Gaussian beam propa-
gation would give higher accuracy for n, [48]. However, as the horn antennas
used in this thesis were diagonal horns with a maximum Gausisity of 86%,
the Gaussian beam propagation model was not included.
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4.2.3 Porosity extraction
Porosity, fp, can be calculated using equation [50]:

fp=1- Probiel, (4.7)
ptrue

where piqpier is the density of the tablet and pie is the true density of the
powder blend.

Porosity can be obtained manually through tablet density, by measuring the
weight and volume of the tablet, but this would be time-consuming and not
suitable for real-time measurements. In order to address this, tablet density
can be obtained from the effective refractive index of tablets measured by the
THz-FD technique. Given that the tablet density varies in a small range, a
linear relation between the effective refractive index of tablets and tablet den-
sity can be assumed [51]. Therefore, tablet density can be obtained from the
effective refractive index extracted from scattering parameter measurements,
and it can be translated to porosity using equations -

Ptab,THz = P1Ms + pPo, (4.8)
ab, z
frm. =1 - PO, (4.9)

where piop7H. and frp. are the tablet density and porosity obtained from
terahertz measurements, respectively. In order to obtain the coefficients, p;
and po, the tablet density obtained from mechanically measurement of mass
and volume of the samples can be used for calibration.

Ptrue i equation [4.7] can be calculated from the concentration, w;, and the
true density of the constituents, pirye i, from literature and their data sheet,
as in [50] [Paper BJ:

! =y (4.10)

ptrue =1 ptrue,z

4.3 Multivariate analysis

A multivariate calibration is a quantitative mathematical model in which
many variables are used simultaneously to predict one or more parameters,
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4.8 Multivariate analysis

according to a predefined mathematical equation with given coefficient val-
ues. In this thesis, the measurement of the absorbance spectrum of tablets to
obtain information on the drug content via the application of mathematical
methods such as partial least square error is an example of multivariate cali-
bration. The type of data in this thesis is first-order measurements, meaning
per sample or observation, the measurement data is represented as a vec-
tor with many variables (multivariate response), for instance, the absorbance
spectrum. Some advantages of multivariate analysis are noise reduction, se-
lectivity, increased sensitivity, and outlier detection [52].

4.3.1 Partial Least Squares regression

Partial Least Squares regression (PLS) aims to model the relationship be-
tween two sets of variables, typically a set of predictor variables (X) and a set
of response variables (Y). A PLS model reduces the dimensionality of X space
into a smaller set of uncorrelated variables and finds the direction in the X
space that explains the maximum variance in the Y space. In other words,
in PLS Regression, the relationship between the predictor variables and the
response variables is modeled through components or latent variables. The
components are derived by finding linear combinations of the predictor vari-
ables that explain the maximum covariance with the response variables. The
first component explains the maximum covariance and subsequent components
explain remained unexplained covariance.

4.3.2 Orthogonal Partial Least Squares

OPLS is a modification of the partial least squares (PLS) regression. OPLS
separates the variability in the X data into two parts, one that is predictive
of the Y response and another that is orthogonal to Y. In the case of just
a single Y variable and with the condition of the same number of compo-
nents, both PLS and OPLS models fitted to the same data will give identical
predictions. By separating the predictive and non-predictive variation in the
predictor variables, OPLS improves the interpretability of the results. Multi-
variate analysis is an important tool for qualitative and quantitative analysis
of multivariate spectral data.

Orthogonal partial least squares (OPLS) regression [53] was used to es-
tablish a prediction model for the quantification of API concentration and
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tablet density. The tablets were divided into two sets: calibration set and test
set. The calibration set was used to build a model for the response, called
the calibration model. In the calibration set, the variances explained for the
calibration set (R?) and the cross-validation (Q?), the root-mean-square of
the calibration (RMSEC), and the root-mean-square of the cross-validation
(RMSECV) were used to assess the model performance. Cross-validation is
a model validation method that uses different portions of the calibration set
iteratively to train and test the model.

The test set was applied to the calibration model to challenge the robustness
of the model for the prediction of unknown samples. The root-mean-square
error of prediction (RMSEP) was used to evaluate how well the test samples
fit the calibration model. Relative prediction error (RPE) is the RMSEP
normalized with the mean value of the response, measuring the accuracy of
the prediction regardless of the nature of the response [Paper C].

4.4 Radar for powder flow characterisation

In this study, a terahertz frequency-modulated continuous-wave (FMCW)
radar was used for the characterisation of powder flow in a vertically posi-
tioned tube. The FMCW radar, radar measurements, and powder flow in a
tube will be discussed below.

4.4.1 FMCW radar

FMCW is capable of measuring the distance between the radar antenna and an
object in addition to the velocity of the moving object; therefore, it provides
the possibility to measure the powder particle distribution along the radar
beam. Sawtooth wave modulation is widely used in FMCW radars to change
the frequency pattern of the emitted radio wave. The physical distance from
the radar to the reflecting object, R, for a FMCW radar with Sawtooth wave
modulation, can be obtained through the equation below [37]:
cAfT

R= B (4.11)
where BW is the frequency sweep bandwidth, T is the frequency sweep time,
and Af is the frequency shift between the transmitted and reflected signal
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4.4 Radar for powder flow characterisation

due to the range, assumed to be constant, see Fig. Please note that Af
is due to the travel time of the signal for the specific range, and fy is due to
the velocity of the object. For a slow-moving object and a radar with a short
sweep time T}, fqa < Af.

transmitted

received
signal

BW

Figure 4.4: Sawtooth modulation in FMCW radar system

The equation below expresses the received signal power, P,., which is re-
flected from an individual scatterer, based on Frris transmission formula: [36]:

PRGN

anﬁﬁp (4.12)

where P, is the peak transmitted power, G is the antenna gain, A is the
wavelength of the signal, and o, is the back-scattering cross-section of the
scatterer.

The radar beam range resolution, AR, is defined by:

c
AR~ SBW (4.13)
where BW is the pulse bandwidth. The cross-range of the beam is defined by
the radar beamwidth. The radar beam cross-range resolution, Ad, is defined
by:
_ CcR
~ fC—D,

where f. is the center frequency, and D is the diameter of the radar antenna.

Ad (4.14)
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Therefore, the sample volume resolution is then defined by:

AV, = TAR(Ad/2)? (4.15)

4.4.2 Radar measurement setup

A monostatic 340-GHz FMCW pulse-Doppler radar developed at the Chalmers
University of Technology [54], was used for the powder flow characterization,
see Fig. [£5] Linearly frequency-modulated pulses with 30-GHz bandwidth
and about milli-Watt output power are transmitted to the powder stream.
The received signal of 128 pulses, within a coherent time of 6.6 ms, is com-
puted to obtain the velocity profile and the position of the powder stream
relative to the radiating horn antenna. The powder velocity component along
the radar beam direction is determined by the measured Doppler shift. A
radar image frame interval of 346 ms was used. The instantaneous bandwidth
of 30 GHz provides a radar range resolution of 5mm. The radar’s optical
system provides an almost collimated beam with a radius w of about 1 cm at
150 cm away from the radar.

The powder flow dynamics were studied in three different configurations: i)
the radar beam incident from the bottom of the tube parallel to the stream as
in Fig. , ii) the radar instrument positioned on the side and at the upper
part of the tube with an incident angle 6 ~ 5deg as in Fig. ; and iii) the
radar on the side and at the lower part of the tube with an incident angle
6 ~ 5deg, as in Fig. [L.6c. 6 is the angle formed between the beam and the
x coordinate. The angle 6 of the incident beam is needed for the radar side
measurements to detect a powder velocity component non-orthogonal to the
radar line of sight. In addition, the 6 angle lowers the strong back reflections
from the tube walls.

The radar was located about 154 cm away from the tube for the configura-
tions shown in Figs. [£.6]a and b, and about 107 cm away for the configuration

Fig. [4.6k.
4.4.3 Powder flow in a tube

An experimental set-up was designed to mimic the powder flow in common
pharmaceutical equipment. First, the powder particles were dispensed in a
discharge hopper with a conical bottom with evenly distributed holes. This
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4.4 Radar for powder flow characterisation

Figure 4.5: Radar measurement set-up for the characterisation of powder flow

hopper provides a constant height of materials above the holes. The size
and number of the holes define the powder mass flow rate. Too small holes
cause the formation of solid bridges over the holes and, therefore, blockage
or low mass flow rate, whereas larger holes provide a higher mass flow rate.
The discharge hopper is located on a cylindrical tube with air gaps to allow
the air intake from the surroundings for the particles in order to avoid the
pulsing effect in the powder stream. The powder strings from the hopper
holes enter a funnel and form a single powder stream at the lower opening of
the funnel. The cross-section of the powder stream is determined by the size
of the funnel’s lower opening. The tube is made of poly-methyl methacrylate
(PMMA) with a height of 100cm, an outer diameter of 7cm, and a 3-mm
wall thickness. Finally, the powder particles land in a container located on
a weighing scale, which continuously weighs the cumulative powder weight.
The time derivation of the cumulative powder weight gives the powder mass
flow rate. See Fig. [£.5] showing the experimental setup including feed hopper,
funnel, tube, weighing scale, radar instrument, and computer.
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Figure 4.6: Illustration of the three radar positions used in this work. (a) Radar
beam incident from the bottom of the tube, vertically, along the stream.
(b) Radar beam incident from the side of the tube at the upper part
of the tube, y = 84 cm, with an incident angle of § = 5°, and (c) radar
beam incident from the side of the tube at the lower part of the tube,
y = 23 cm, with an incident beam angle of 6 ~ 5°.
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CHAPTER D

Tablet density and porosity characterisation using
THz-FD technique

This chapter shows the applicability of the THz-FD technique to characterise
and quantify changes in tablet density/porosity. Section presents the re-
sults for the effective refractive index extracted from THz-FD measurements
and its correlation with the tablet density for tablets made of one ingredient
and different compaction forces (first formulation in chapter three). Section
[b.2) presents the results of the extracted effective refractive index for tablets
containing API and excipient with varying design factors like API concen-
tration or particle size (second formulation in chapter three). Finally, the
translation of the effective refractive index to tablet porosity will be discussed.

5.1 Tablet density characterisation in single
ingredient tablets

The effective refractive index of the tablets with the first formulation in chap-
ter three was extracted, using the one-path transmission method presented in
chapter four. Each tablet was measured four times to verify the repeatability

35



Chapter 5 Tablet density and porosity characterisation using THz-FD
technique

of the measurements. Before tablet measurement, the empty sample holder
was measured as a reference for relative measurements. The phase shift of S5
across frequency was used to obtain the real part of the effective refractive
index of the tablets.
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Figure 5.1: a) Effective refractive index versus frequency for MCC tablets with
different compaction forces. Higher compaction force increases the ef-
fective permittivity. b) Effective refractive index versus tablet density,
for benzophenone, MCC, and succinic acid tablets. For a specific effec-
tive refractive index, the benzophenone tablets show the lowest tablet
density, followed by MCC and succinic acid tablets, respectively.

Fig. b.1Ih shows the real part of the extracted effective refractive index ver-
sus frequency for MCC tablets with different compaction forces. As can be
observed, increasing the compaction force resulted in a higher effective refrac-
tive index, as air voids in between particles were removed, which led to higher
tablet density. This result verifies the sensitivity of terahertz waves to detect
the change of the effective refractive index as a consequence of different com-
paction forces. Fig. [5.Ib shows the effective refractive index versus manually
measured tablet density, for each set of tablets at a fixed frequency point,
420 GHz. For a specific tablet density, the benzophenone tablets showed the
highest effective refractive index, followed by MCC and succinic acid tablets,
respectively. Moreover, a linear correlation between effective refractive index
and tablet density was observed.
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5.2 Tablet porosity characterisation

5.2.1 Effective refractive index extraction

Here, the effective refractive index of the tablets was studied by THz-FD
technique at a frequency range of 500-750 GHz. Tablets were made of an API
(ibuprofen), an excipient (mannitol), and a lubricant (magnesium stearate)
with a full factorial design of the API and excipient particle size, API concen-
tration, and compaction force. The frequency range was chosen to avoid the
absorption peaks of Ibuprofen and Mannitol. Each frequency sweep took less
than one second to complete, having an intermediate frequency bandwidth of
1 kHz and a total number of frequencies of 251. Each tablet was measured ten
times in consecutive frequency sweeps to verify the measurement repeatability.
The real part of the effective refractive index, ng, was obtained from the phase
of the measured relative transmission coefficients to study the properties of the
tablets, using the multi-reflection method presented in chapter four. Fig.[5.2la
shows the comparison of the phase of the measured relative transmission with
that of the model for three tablets with the same API and filler particle size,
and API concentration, but three different compaction forces, Fi= 8 kN, Fo=
12 kN, F3= 16 kN. The good agreement between the measurements and the
model validates the extraction method.

Fig. shows the extracted effective refractive index of the three tablets
across frequency. As observed earlier in the tablets with a single ingredient,
a higher compaction force increased the effective refractive index, because
of the reduced air voids in between tablet particles. The minor oscillations
observed in ng are due to the standing waves within the measurement set-up
and the fact that the tablet thickness used for the extraction is the measured
one, not an effective tablet length, which in practice can be different due to
the non-ideal beam properties and/or thickness and density inhomogeneities
across the tablets. Fig.[5.3]shows the computed tomography scan of the tablet
with experiment number 3 in table four chapter three. It can be seen that
tablet density is higher at the center of the tablet, and the thickness is not
homogenous at the top and bottom surface, which will affect the effective
electrical path. It was observed in Fig. that ng is frequency independent.
Hence, the mean value of the effective refractive index across the frequency
band was chosen for data analysis.
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Figure 5.2: a) Phase of relative transmission for tablets (experiment number 2 in
table four chapter three with three different compaction forces, F1= 8
kN, F>= 12 kN, F3= 16 kN, showing good agreement between model
and measurement data b) Real part of effective refractive index over
frequency. A higher compaction force increased the effective refractive
index.

Figure 5.3: Computed tomography scan of a tablet with experiment number 3
in table four chapter three, showing the thickness/density inhomo-
geneities across the tablet.
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5.2.2 Effective refractive index versus design factors

In this section, the sensitivity of the THz-FD measurements to the variation
of the design factors, API and filler median particle size, API concentration,
and compaction force is examined.

A multi-linear regression model was applied with the effective refractive
index as the response and the design factors as the independent variables,
describing the contribution of each design factor [55]. The statistical tool
used for this purpose was MODDE 12 [56], and the obtained model is given
as in equation [5.1}

ns = Bo + Bi1x1 + Bowa + Bazs + Bazzi + €, (5.1)

where z1 is the compaction force, x5 is the API concentration, z3 is the filler
particle size, and € is the error in the model. 3y is the average value of ng, and
Bi,1 =1,2,3 are the coefficients, showing the impact of each design factor on
the response.

Fig. shows the centered and scaled coefficients of the design factors,
which are normalised and scaled to have a mean of zero. Error bars show
the uncertainty in Ang from each design factor. It was observed that the
filler particle size, FilPS, had a larger impact than API particle size, APIPS,
due to having filler as the dominant portion of the tablets. Besides that,
the compaction force, ComF, had a larger effect than the API concentration,
APICo, because the interval chosen for the compaction force is larger in size
compared to that of the API concentration. Figs. (b-d) show the varia-
tion of ng with respect to each design factor, using the multi-linear regression
model presented in equation [5.I} It was observed that higher compaction
force resulted in higher effective refractive index due to removing the air voids
between particles (Fig. [5.4p), and increasing API concentration lowers the
effective refractive index due to the fact that the refractive index of Ibuprofen
is lower than Mannitol (Fig. [5.4c). It was also observed that larger particles
were more prone to fragmentation and consolidation of the fragmented parti-
cles [57), leading to increased effective refractive index (Fig. [5.4[). Scanning
electron microscopy (SEM) (Zeiss Supra 55) photographs of the cross-section
of one tablet (experiment number 3 in table four chapter three) were taken to
investigate the fragmentation of the particles. As can be seen in Fig. [5.5] the
results showed a particle size reduction down to around 10 pm, which verified
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Figure 5.4: a) The change in ns with respect to the design factors, when a factor
varies from its average to high value, having the other factors at their
averages. Compaction force is shown as ComF, filler particle size as
FilPS, API particle size as APIPS, and API concentration as APICo.
b-d) The variation of ns with respect to the design factors. Plots are
created using the multi-linear regression model in equation [f.I} In
each plot, the line shows ns and the shadowed area shows the standard
deviation.
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Figure 5.5: Scanning electron microscopy of a cross-section of a tablet (experiment
number 3 in table four chapter three, with the initial particle size of 450
pum for excipient and 71 pum for API, respectively). The fragmentation
of particles while tableting process is clearly seen in this picture.

the fragmentation deformation behavior of Mannitol and Ibuprofen, with the
initial particle size of 450 pm and 71 pm respectively.

5.2.3 THz porosity versus design factors

In this section, the tablet porosity is extracted from the obtained effective
refractive index from terahertz measurements. For this, a linear approxima-
tion between tablet refractive index and density was assumed and empirically
verified. Later, the quantified THz porosity and its variation with respect to
the design factors are shown.

Fig. shows the linear correlation between the effective refractive index
obtained from the measurements and tablet density estimated from mass and
volume measurements, validating the assumed linear approximation. Fig.[5.6p
shows the relationship between THz porosity and the effective refractive index
of the tablets. The refractive index of the solid phase of the tablets for each
API concentration, corresponding to zero porosity, can be estimated from the
intercept with THz porosity equaling zero.

After the extraction of the tablet porosity, the effect of the design fac-
tors on the porosity was studied using the multi-linear regression method
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Figure 5.6: a) Correlation between the effective refractive index and tablet density.

A linear relationship between the effective refractive index, ns, and
tablet density was observed. b) correlation between THz porosity and
effective refractive index.
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Figure 5.7: The variation of the THz porosity with respect to the design factors,
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a) compaction force, b) API concentration, and c) filler particle size.
The plots were created using a multi-linear regression model similar to
the equation [5.1] In each plot, the line shows the THz porosity and
the shadowed area shows the standard deviation.
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5.2 Tablet porosity characterisation

explained in section being the extracted porosity the response of the
system. Fig. [5.7h shows that increasing the compaction force lowers porosity,
which is in agreement with the fact that a higher compaction force reduces the
air voids in between particles and results in lower porosity. Fig. [5.7b shows
the reduction of porosity with increasing the API concentration, showing the
sensitivity of the THz-FD technique to the small variation of the API concen-
tration from 16% to 24% [58]. The effect of filler particle size on porosity is
shown in Fig. [5.7c. It is observed that increasing the particle size of the filler
first results in a slight increase in the porosity for filler particle size smaller
than 150 pm and then a decrease in the porosity for larger particles. This
behaviour can be explained by fragmentation behaviour of Mannitol [59] and
Ibuprofen [60] under compaction force during the tableting process, and the
fact that there is a greater tendency for the larger particles to fragment un-
der high compression pressure [57|. After the fragmentation, the particles
consolidate and pack together, which results in lower porosity.
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CHAPTER 6

Tablet APl concentration and density characterisation
using THz-FDS multivariate technique

This chapter shows the applicability of THz-FD spectroscopy in combination
with multivariate analysis to quantify API concentration and tablet density.
Section [6.1] presents the tablets’ spectral data obtained from scattering pa-
rameters. In Section[6.2] the multivariate analysis results for quantifying API
content are shown, and in Section [6.3] the multivariate analysis results for
quantifying tablet density are presented.

6.1 Terahertz spectral data

The terahertz attenuation spectra of the tablets were used to characterise the
absorption peaks of API and excipient, and develop prediction models for API
content and tablet density based on spectral information. A fraction of a full
factorial design from the second formulation presented in chapter three was
used for this study. The design factors were Mannitol particle size varying at
two levels (dsp ~ 91, 450 pum), API concentration varying at five levels (~ 16,
18, 20, 22, and 24 w/w %), and a fixed applied compaction force of 12 kN. As
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shown in table our sample set included 11 tablet types (A, B, ..., M), and
for each tablet type, there were three replicate samples (A-1, A-2, A-3, B-1,
...) to account for the variations in each tablet type, resulting in 33 samples.

To obtain the attenuation spectra of the tablets, the complex transmission
coefficients were measured in the frequency range from 750 GHz to 1.5 THz,
including the absorption peaks of Mannitol and Ibuprofen. During measure-
ments, the intermediate frequency bandwidth was set to 10 Hz in order to
minimize the measurement noise level. Each frequency sweep took around
one minute. Each sample was measured twice by dismounting and mounting
the tablets in the sample holder to account for the measurement errors. This
led to 66 measurements. The samples were labeled such that the first letter
shows tablet type, the second part shows the number of the replicate sample,
and the third part shows the number of measurements for each sample [paper
Cl.

The attenuation coefficient of the samples, «(f), can be calculated from the
measurement of the scattering parameters using equation [62]:

: (6.1)

where [ is sample thickness in ¢m, and Ts and T, are the measured complex
transmission coefficients (S21) of the sample and empty sample holder (air),
respectively. Fig. [6.1]| shows the attenuation spectra of all measured tablets.
The two peaks seen at around 1.1 THz and 1.5 THz are the superposition of
the Ibuprofen and Mannitol peaks that heavily overlap. The peak occurring
at around 1.1 THz was not completely resolved due to the low signal level
consequence of the overlap of material absorption peaks with water absorption
lines, together with a decreased signal-to-noise ratio(SNR) at the beginning of
the frequency band of the extenders. As can be observed, noise, high-frequency
oscillations from standing waves in the set-up, and a slanted baseline as a
result of scattering effects and frequency-dependent absorption, were present
in the measured terahertz spectra. In the next step, the measured samples
were divided into two sets, including a training set and a test set. From the
three replicates of each tablet type, the first two samples were used in the
training set, and the third sample was used in the test set.
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6.1 Terahertz spectral data

Table 6.1: Design of experiments for the tablets, a fraction of a full factorial design
from reference [61]. Design factors are filler particle size at two levels
(91, 450 pm) and API concentration at five levels (16, 18, 20, 22, 25

w/w%). There are three replicates for each tablet type.

Tablet API median particle  Filler particle ~ API concentration  Tablet density
size dso (m) size dso (um) (w/w%) (g cm—3)

Type A

A-1 71 91 16.8 0.3061

A-2 71 91 16.8 0.3059

A-3 71 91 16.8 0.3058
Type B

B-1 71 450 16.0 0.3248

B-2 71 450 16.0 0.3248

B-3 71 450 16.0 0.3246
Type C

C-1 71 91 18.5 0.3033

C-2 71 91 18.5 0.3031

C-3 71 91 18.5 0.3042
Type D

D-1 71 450 18.4 0.3206

D-2 71 450 18.4 0.3198

D-3 71 450 18.4 0.3220
Type E

E-1 71 91 20.6 0.3043

E-2 71 91 20.6 0.3043

E-3 71 91 20.6 0.3042
Type F

F-1 71 450 19.5 0.3219

F-2 71 450 19.5 0.3209

F-3 71 450 19.5 0.3210
Type G

G-1 71 91 22.7 0.3014

G-2 71 91 22.7 0.3014

G-3 71 91 22.7 0.3021
Type H

H-1 71 450 22.9 0.3200

H-2 71 450 22.9 0.3207

H-3 71 450 22.9 0.3191
Type K

K-1 71 91 24.8 0.3025

K-2 71 91 24.8 0.3014

K-3 71 91 24.8 0.3023
Type L

L-1 71 450 25.0 0.3180

L-2 71 450 25.0 0.3167

L-3 71 450 25.0 0.3186
Type M

M-1 95 211 20.1 0.3010

M-2 95 211 20.1 0.3009

M-3 95 211 20.1 0.3003
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Figure 6.1: Spectral data for all samples from table

6.2 OPLS model for APl concentration

As the first step to model the API concentration, data treatment was per-
formed on the raw data. A Savitzky-Golay smoothing filter was used to
reduce the effect of noise and oscillations. Then, asymmetric least squares al-
gorithm was used for each spectrum to correct baseline variations. Lastly,
each spectral value was normalized with respect to the sum of the signal in-
tensity over the frequency range. The data pre-processing was performed
in SIMCA 17 (Sartorius Stedim Data Analytics, Umed, Sweden), which is a
software for multivariate data analysis.

In the next step, OPLS regression was applied to the scaled and centered
treated training data set to establish a prediction model for API concentration.
In OPLS regression, the frequency points were the independent X variables,
and API concentration was the Y response. The parts of the spectrum in-
cluding the absorption peaks have the dominant role in modeling the API
response.

The first evaluation of the score plot revealed that tablet sets B and H were
outliers, due to the day-to-day humidity variations, as they were measured on
a different day with a high humidity level. After excluding the outliers and
re-applying the OPLS regression, a good API concentration model with R? of
0.98 and Q? values of 0.92 was obtained.
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Figure 6.2: Score plot for API concentration. Tablets are clustered with respect to
the API concentration across the horizontal axes. Tablets are labeled
with three digits that represent type, replicate, and measurement num-
ber, respectively.

The score plot in Fig. [6.2] shows the clusters of the samples based on their
similarity for modeling the API concentration. The variations across the hor-
izontal axes show the predictive component of the response. The vertical di-
rection expresses within clusters variability, which is unrelated /non-predictive
to the response. In this plot, the horizontal direction corresponds to the five
clusters of API level. Tablets are ordered from left to right by increasing API
concentration. Moreover, the variations between replicate samples and the
good repeatability of the measurements can be observed in this plot, follow-
ing the second and third digits in the sample labels, respectively, based on the
closeness of the observations.

Fig. [6.3p/ shows the observed versus predicted values for API concentra-
tion based on the OPLS regression. The R? was 0.98, and the RMSEC and
RMSECYV were 0.40 and 0.77, respectively. To challenge the robustness of
the OPLS model, a test set was applied to the model. Fig. [6.3b shows the
comparison between the reference and prediction results for the test samples.
Five clusters corresponding to the API concentration level are observed, with
about 3% error for sample G3. The RMSEP value was 1.22 and the relative
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Figure 6.3: Prediction plot for API concentration a) calibration set b) test set.
Tablets are labeled with three digits that represent type, replicate,
and measurement number, respectively.

prediction error was around 6%. For an improved API model, the measure-
ments should be performed in a controlled low-humidity environment, and the
absorption peaks should be completely resolved by removing the water lines
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and averaging the measurements.

6.3 OPLS model for tablet density

First, the spectral data were treated to reduce the noise and oscillations using
the Savitzky-Golay smoothing filter. Please note that for modeling tablet
density, the baseline correction was not performed because of the correlation
between the baseline and tablet density through the particle size and solid
fraction [65].
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Figure 6.4: Score plot for tablet density. Tablets are clustered across the horizontal
axes with respect to particle size. Tablets are labeled with three digits
that represent type, replicate, and measurement number, respectively.
Small and large particle sizes are shown with small and large circles,
respectively.

Next, OPLS regression was applied to the calibration set, having the spec-
tral data centered, to obtain a prediction model for the tablet density. For
developing a tablet density model based on attenuation, higher frequencies
were more important due to the correlation between tablet density and parti-
cle size. The OPLS score plot in Fig. [6.4]shows two clusters of training samples
across the horizontal direction corresponding to the particle size. This indi-
cates that particle size is the predictive component for tablet density. Tablets
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Figure 6.5: Prediction plot for tablet density a) calibration set b) test set. Tablets
are labeled with three digits that represent the type, replicate, and
measurement number, respectively. Small and large particle sizes are
shown with small and large circles, respectively.

with larger particles are clustered on the right side marked with larger circles,
and tablets with smaller particle sizes are on the left side marked with smaller
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circles. The vertical direction shows the variations due to the API concen-
tration and humidity variations. Please note that in this case, tablet series B
and H were included in the tablet density model.

Fig. [6.5k/ shows the reference versus prediction values for tablet density.
The RMSEC and RMSECV for the obtained OPLS model were both 0.002,
and the R? was 0.97. These values show the high accuracy and the goodness
of the regression model for tablet density.

Applying the test samples to the model, Fig. [6.5p presents the comparison
between the reference and prediction results for the test samples. The R?
value of 0.94, RMSEP and MBEP of 0.002 and 0.0002, together with the
relative prediction error of 0.7%, show that the model is significantly accurate
and precise and performs better than the OPLS model for API concentration.
In both Figs. [6.5]/al and b, two clusters of tablets are seen, corresponding
to the particle sizes marked with smaller and larger circles, indicating that
initial particle size as the main factor impacted the tablet density. Besides
that, within each cluster of tablets, the API concentration increase caused
the tablet density to decrease slightly, being in line with the results from our
previous study [65].
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CHAPTER [

Powder flow characterisation using terahertz radar
sensing

In this chapter, the characterization of powder flow properties using a tera-
hertz radar system is presented. The results of the radar measurements show
the flow properties of powder streams, like the velocity profile, back-reflected
signal, and powder density distribution.

The radar beam illuminates the powder particles that pass through the
beam path. The back-reflected radar signal is proportional to the powder
flow density/volume concentration. Fig. shows the side measurement
results with an angle of # = 5° on the lower part of the tube (see Fig. 4.6
¢) for MCC-100 powder falling through the tube, for three consecutive radar
images with a time interval of 346 ms. The radar images in Figs. a-c)
show the measured velocity of the powder particles and the intensity of the
back-reflected radar signal, across the tube walls. The non-zero radar signal,
together with the non-zero velocity, shows the flow of powder particles. The
blue solid line indicates the measured mean velocity, vg.

Figs. d—f) show the mean velocity, vy, and the radar signal » _, S, across
the tube walls zp, where . S is the sum of the radar signal across the
velocity axis at each bin position. Zve S shows a non-evenly distributed flow
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Figure 7.1: Side radar images of MCC-100 powder for three consecutive time in-
tervals. These plots show the variation in radar signal and velocity
across the tube walls and over time.

across the tube. As can be observed, besides the main core of the powder
stream, other powder strings with high concentrations are also formed. This
effect was also visually observed during the experiments. The change in the
position of the maximum of ng S over time shows that the powder stream’s
core is flickering, and powder density distribution changes over time.
Vertical radar configuration gives insight into the powder falling velocity
and density variations along the tube height. Fig. [7.2]shows eight consecutive
radar images of falling MCC-100 powder through the tube, with a time interval
of 346 m, having the radar beam incident from the bottom. The results show
the velocity and radar signal distributions along the tube height, y. Figs.
a—d) show how the MCC powder flow develops with time, and Figs. e—
h) show the powder flow reaching the steady state. The solid horizontal black
lines in the figures show the tube edges, while the dashed horizontal black lines
mark the radar positions at the side measurements. The observed deceleration
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of the powder core along the tube could be due to the powder stream flickering
to the sides as traveling along the tube and consequently affecting the v, seen
by the radar. The recorded mass flow rate, 7, for the MCC-100 powder fall
was around 1.5 g/s.
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Figure 7.2: Vertical radar images of MCC-100 powder for eight consecutive time
intervals. These plots show the variation in the radar signal and powder
falling velocity along the tube height.
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Chapter 7 Powder flow characterisation using terahertz radar sensing

The side radar measurements have a practical interest, since this configu-
ration can be easily implemented into the processing line, whereas the verti-
cal realization of the radar system in industrial applications is troublesome.
Therefore, in the next plots, the ability of side radar measurements to char-
acterise different mass flow rates is explored.
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Figure 7.3: Comparison of the mass flow rate obtained with the weighing scale and
total radar signal. Results of the mass flow rate obtained by the radar
signal with a moving average filter over 3.5 seconds are also included.

The ability to monitor powder mass flow rate from radar side measurements
is shown in Fig This figure compares the mechanical mass flow rate
obtained with the weighing scale with the one with radar side measurements
configuration shown in Fig. 4.6 c, for the falling MCC-100 powder stream over
time. The radar mass flow rate was obtained through the proportionality with
volume concentration and powder falling velocity, see paper D. The powder
flow’s onset is visible in both the mechanical and radar mass flow rate. After
about 90 seconds of steady-state powder flow, the powder fall decreased and
stopped, captured by the mass flow rate and radar signal. It must be noticed
that the radar mass flow rate fluctuations during the steady-state powder
flow are much stronger than before the onset of the flow, indicating that
these high amplitude fluctuations are due to real powder flow fluctuations
and not noise. These fluctuations might be caused by different phenomena or
a combination of them, such as Powder flickering over time, powder pulsation
over time, and aggregation of powder particles. These factors change the
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volume concentration/flow density, which was sensed by the radar real-time
measurements, whereas not captured by the weighing scale. A moving average
filter over 3.5 seconds allows the smoothing of the radar measurements to a
level comparable to the mechanical mass flow rate.
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Figure 7.4: Radar signal and velocity profiles for different MCC-100 mass flow rates
over ten consecutive radar images, for the radar beam incident from
the side of the tube with an angle of § = 5°. Averaged radar signal,
<>, 8>, with the radar located (a) at the top position and (b) at
the bottom position with respect to the tube, all for no flow, and mass
flow rates of 1.5 g/s and 35 g/s of MCC-100. Averaged mean velocity,
< Up >, with the radar located (c) on the top position and (d) on the
bottom position.

In order to verify the capability of the terahertz radar in lateral configura-
tion to characterise different flow rates inside the tube, the variation of radar
signal and powder velocity for different mass flow rates for side radar mea-
surements at the top and lower part of the tube (configurations b and ¢ in
Fig. 4.6) are shown in Fig. |7.4] Here, two extreme cases of mass flow rate
were chosen for the falling MCC-100 powder particles: a low mass flow rate
of ~ 1.5 g/s and a high mass flow rate of ~ 35 g/s. Figs. [7.4(a-d) show the
average radar signal, < S,y >, and the average mean velocity, < vy > over
ten consecutive radar images, across the tube walls for no flow, low, and high
mass flow rates. As expected, the radar signal is stronger for the higher mass
flow rate at both the top and bottom radar positions due to higher powder
flow density. In Fig. [7.4h, for both mass flow rates, the radar signal shows
a non-uniform powder distribution across the tube walls at the top of the
tube. This can be translated to a high volume concentration of particles at
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the center of the tube, corresponding to the core of the powder stream, and
one powder string at the vicinity of the second wall. At the bottom position,
Fig. [T4p, the radar signal shows a more uniform powder distribution across
the tube, consistent with the expansion of the powder stream cross-section
area when traveling down the tube. In Fig. c—d)7 the powder streams with
higher mass flow rates showed higher averaged mean velocity. A quantitative
velocity comparison between the results from the upper and lower part of the
radar is not possible due to the limited beam angle accuracy when mounting
the radar.

The ability of radar side and vertical measurements for studying the flow
properties of different materials and particle sizes can be found in Paper D.
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CHAPTER 8

Concluding remarks and outlook

Real-time quality assessment of pharmaceutical powder blends and tablets in
manufacturing processes necessitates the incorporation of fast, non-invasive,
and non-destructive process analytical tools into pharmaceutical production
lines. Compared to other existing techniques developed for quality assess-
ment, THz-FD technique offers deep penetration depth, high dynamic range,
lower scattering effect relative to NIR region, high spectral resolution, and a
possibility for miniaturisation, and enables real-time screening of powders and
tablets.

Papers A and B demonstrate the ability of THz-FDS to characterise tablet
density and porosity, key physical properties of tablets that affect the disin-
tegration and dissolution of tablets. The capability of THz-FD technique in
transmission mode using a vector network analyzer (VNA) and quasi-optical
components was explored to investigate the effect of the variation of mate-
rials, particle size, compaction force, and API content on tablet density and
porosity. The THz-FD technique showed to be very promising in detecting the
effect of small variations on tablet density and porosity, and the fragmentation
behavior of the ingredients was detected by the terahertz measurements.

Paper C shows that THz-FDS combined with multivariate analysis can be
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used as a complementary technique to NIR and Raman spectroscopy to quan-
tify API content and tablet density, based on the absorption peaks and slope
variations of the spectra. While NIR and Raman spectroscopy provide better
prediction models for API content due to their highly selective bands with
vast chemical information, THz-FDS benefits from lower scattering effects
compared to the NIR region and demonstrated its suitability for the charac-
terization of physical properties for the characterisation of tablet density.

THz-FD technique benefits from high-frequency resolution and dynamic
range. The FD electronics used in papers A and B offer a high dynamic range
of 100 dB in the frequency range of up to 750 GHz and a dynamic range of 60
dB for frequencies from 750 GHz to 1.5 THz, in paper C. The high dynamic
range of the THz-FD technique enables the detection of minute changes in
sample density and porosity.

Although, in this thesis, a bulky VNA instrument was used, in the long
term, the miniaturisation capabilities of the electronic sources and detectors
enable further development of a miniaturised THz-FD measurement system,
which makes it promising for real-time monitoring applications.

In Paper D, the capability of a terahertz radar system to characterise pow-
der flow in a vertical tube in real-time was investigated. The terahertz radar
system offers a deep penetration depth through flowing powders with a sam-
ple volume resolution in the order of a few cubic centimeters, enabling the
real-time sampling of powder flow. Moreover, the high spatial resolution of
the terahertz radar, 5 mm, enables the characterization of powder flow den-
sity distribution across the pipes. Paper D shows that the radar signal was
proportional to the powder flow density/volume concentration and that the
stability of the powder flow can be monitored by the variations in the powder
velocity profile and radar signal. The powder flow was characterized both
across the tube walls, side measurements, and along the tube height, vertical
measurements. The results showed that real-time mass flow rate could be ob-
tained from radar side measurements via the back-reflected radar signal and
the measured velocity. This could be of great interest in industrial applica-
tions since powder flow distribution, density, and mass flow rate are critical
parameters in pharmaceutical operations.

The powder flows investigated in this thesis consisted of one single phar-
maceutical ingredient. In future work, the characterization of powder flow
consisting of a blend of several ingredients should be studied, addressing the
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challenge of differentiating variations in flow density from variations in blend
concentration. Advanced machine learning techniques or the use of two radar
systems with different operating frequencies can be a possible solution to tackle
this challenge.

As a step towards industrialization, terahertz radar sensing for powder flows
in metallic tubes should be tested, since the manufacturing vessels are typi-
cally made of stainless steel. This would be feasible by providing a terahertz
transparent window in metallic pipes and tilting the radar system with a small
angle to minimize the strong back reflection from the second wall of the tube.

In conclusion, the THz-FD technique and terahertz FMCW radar show
great potential to be utilized as a process analytical tool for in-process mon-
itoring of powders and tablets in pharmaceutical applications, in batch and
especially in continuous processes. On top of that, this technique could be
implemented in other industries, for example the food industry, seeking real-
time monitoring solutions for the quality assurance of continuous processes,
ensuring sustainability by efficiency in productivity, production costs, and
time.
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CHAPTER 9

Summary of appended papers

Paper A

Non-Destructive Characterization of Pharmaceutical Tablets
Using Terahertz Frequency Domain Spectroscopy

In this paper, terahertz frequency domain spectroscopy (THz-FDS) in trans-
mission mode is used to extract the effective permittivity of tablets at 325-500
GHz. The sensitivity of terahertz waves to the change of dielectric constant
and the correlation between effective permittivity and tablet density were
studied. The samples under study included Microcrystalline cellulose (MCC),
Benzophenone, and Succinic acid. In each set, various compaction forces were
applied during the tablet compression to produce tablets with different tablet
densities. The results showed that terahertz waves were sensitive to the change
of materials and compaction force. Moreover, a linear correlation between ef-
fective permittivity and tablet density was observed.

My contribution: 1 designed the experiments, performed the measurements,
analysed the data, and with the feedback from my co-authors, wrote the pa-

per.
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Paper B

Terahertz Frequency Domain Sensing for Fast Porosity
Measurement of Pharmaceutical Tablets

In this paper, the THz-FD technique was explored as a fast, non-destructive,
and sensitive technique for the porosity measurement of pharmaceutical tablets.
A sample set of 69 tablets with the design factors, such as particle size, API
concentration, and compaction force, was studied. The samples were mea-
sured in transmission mode across the frequency range 500-750 GHz, using
a vector network analyzer combined with a quasi-optical set-up to guide and
focus the beam. The effective refractive index of tablets was obtained from
complex transmission coefficients and then was translated to porosity, using
an empirical linear model. The results show that the THz-FD technique was
highly sensitive to the variations of the design factors, showing that filler par-
ticle size and compaction force had a significant impact on porosity. Moreover,
a fragmentation behavior of particles was observed by THz porosity measure-
ments and was verified with scanning electron microscopy of the cross-section
of tablets.

My contribution: 1 designed the experiments, performed the measurements,
analysed the data, and with the feedback from my co-authors, wrote the pa-
per.

Paper C

Terahertz frequency-domain sensing combined with
quantitative multivariate analysis for pharmaceutical tablet
inspection

The applicability of THz-FDS combined with multivariate analysis was ex-
plored to quantify API concentration and tablet density based on the atten-
uation spectral data from 750 GHz to 1.5 THz. The tablets were divided
into training and test sets, and orthogonal partial least square regression was
applied to training samples and later to test samples to develop and assess
the prediction models. The API model was obtained based on the changes in
absorption peak characteristics of the API and excipient, whereas the tablet
density model was obtained based on the slope variations of the spectra as a
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result of variation in particle size. The variation of API had an insignificant
effect on the tablet density. The results showed that a fair model with a rela-
tive prediction error of 6 % was obtained for the API content, and an excellent
model with a relative prediction error of less than 1 % for tablet density.

My contribution: 1 designed the experiments, performed the measurements,
analysed the data, and with the feedback from my co-authors, wrote the pa-
per.

Paper D

Terahertz radar diagnostics of powder dynamics in
pharmaceutical manufacturing

The applicability of terahertz radar sensing for the real-time characterization
of pharmaceutical powders was explored. An experimental setup for flowing
the powder particles with different mass flow rates, materials, and particle
sizes was designed. Terahertz radar measurements at a center frequency of
340 GHz were successfully performed to study the velocity profile and flow
density distribution/variation of powder particles across and along the tube.
The back-reflected radar signal was proportional to the powder density. The
velocity profile, together with the radar signal, presented the stability infor-
mation of the powder stream over time.

My contribution: 1 designed the experiments, performed the measurements,
post-processing and data analysis together with M. Bonman, and with the
feedback from my co-authors, wrote the paper.
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