Chapter 18
Industrial Applications of Terahertz Imaging

J. Axel Zeitler and Yao-Chun Shen

Abstract This chapter gives a concise overview of potential industrial applications
for terahertz imaging that have been reported over the past decade with a discussion
of the major advantages and limitations of each approach. In the second half of the
chapter we discuss in more detail how terahertz imaging can be used to investigate the
microstructure of pharmaceutical dosage forms. A particular focus in this context is
the nondestructive measurement of the coating thickness of polymer coated tablets,
both by means of high resolution offline imaging in research and development as
well as for in-line quality control during production.

18.1 Introduction

The advent of terahertz time-domain technology has brought with it a keen interest
in its use in imaging experiments [1-3]. A number of imaging application examples
have been reported: metal contacts of a packaged integrated circuit chip, as well as the
leaf structure of plants [1]; polymer composites and flames [2]; breakfast cereals and
chocolate [4]; tree-ring analysis [5]; medical tissues (see Chap. 16 by MacPherson in
this book); analysis of polymer samples [6] and pharmaceutical tablets [7-9], among
many other examples. A number of reviews and book chapters have summarised the
recent progress in terahertz imaging [4, 6, 10-19]. However, despite the interesting
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results introduced by all these studies, only a select few applications show industrial
promise or have already been successfully demonstrated in an industrial setting.

This chapter briefly highlights some potential areas of industrial application and
then focuses specifically on applications in the pharmaceutical industry, a field that
shows great promise for industrial terahertz applications.

18.2 Industrial Imaging

18.2.1 General Principles

In order to exploit the unique properties of terahertz radiation for imaging appli-
cations in an industrial context commercial imaging technology is required. The
instruments need to be rugged and robust enough to operate in an industrial
manufacturing environment, while at the same time providing sufficient sensitivity
to measure the required process parameters. The cost and reliability of the equipment
are further critical factors and, most importantly, there needs to be a compelling case
in terms of economic benefits to industry to invest in this relatively young technology
rather than the more established measurement sensors.

In one of the first reviews on terahertz imaging more than 15 years ago, Mittleman,
Jacobsen and Nuss provided a compelling case for using terahertz technology for the
quality control of polymer materials [2]:

“Detection of [air pockets in polymer foam bonds] is a significant quality control issue,
and no simple method currently exists. X-ray transmission does not provide a high contrast
between the plastic-rubber foam and the air; in addition, health and safety issues preclude the
use of X-ray diagnostics here. Ultrasound analysis is effective only with the use of an index-
matching fluid, while other probing techniques such as magnetic resonance imaging are too
expensive and cumbersome. Probing the parts with microwaves would work quite nicely,
except that it would be difficult to detect voids significantly smaller than the wavelength
of the radiation used. Since, in this case, it is desirable to detect voids smaller than one
centimetre in diameter, this effectively eliminates conventional microwave analysis from
consideration.”

In fact, all industrial terahertz imaging applications that have been discussed since
are based on this unique combination of high imaging contrast and sufficiently high
spatial resolution; as well as inherent safety. Mittleman, Jacobsen and Nuss go on to
state that [2]:

“It should be emphasised that one could detect voids of this sort without relying on [small
differences in transmittance] by observing the transit time of the terahertz pulse through
the material, rather than the transmitted amplitude. The combination of the amplitude and
phase information measured in THz-TDS make for a very powerful tool for quality control
measurements.”

The coherent detection scheme together with the resulting time-domain signal
of the terahertz pulse lead to the high sensitivity and excellent contrast that can be



18 Industrial Applications of Terahertz Imaging 453

achieved in terahertz imaging. This is a major difference to conventional far-infrared
technology and itis this property that makes terahertz imaging attractive for industrial
applications.

Over the past decade, key developments were initiated by the commercial tera-
hertz equipment manufacturers. During this period the two major drivers in the field
were TeraView Ltd. in Cambridge, UK, and Picometrix LLC, Ann Arbor, MI, USA.
Both companies have successfully demonstrated new industrial applications, have
developed terahertz sensors that can be used in a manufacturing environment and
have installed such instruments across a range of industries. At the same time a num-
ber of smaller companies have formed and this has greatly accelerated the further
development of more robust instrumentation. With the advent of cheaper 800 nm
fibre laser technology, an increased interest from more established optics companies
and a growing awareness of the potential of terahertz technology by industrial end
users, industrial imaging applications have grown considerably.

Most of the studies that have explored the industrial applications of terahertz
technology reviewed in this chapter, are proof-of-principle experiments that demon-
strate what information terahertz images can reveal. However, there are a few pub-
lished examples where terahertz sensors were used to measure samples directly under
industrial processing conditions. The examples range from the automated imaging
of coated pharmaceutical tablets to investigate the thickness and homogeneity of
polymer coatings [20]; an in-line sensor that was developed to monitor a polymer
compounding process [21]; an in-line thickness gauge to measure the thickness of
polymer laminates during production [22]; and an in-line sensor that was demon-
strated to measure the thickness of polymer coatings on individual tablets during
production [23].

However, in order to establish itself long-term as a complementary imaging
technique in nondestructive testing [24—26], terahertz imaging has to further demon-
strate how it will add value to currently available technologies. The main competing
technologies are X-Ray tomography and imaging; ultrasound testing [27]; infrared
thermography; eddy current testing, and optical coherence tomography (OCT) [28].

18.2.2 Contrast Mechanisms

Before we start looking into specific examples of imaging applications we would
like to highlight briefly the main physical phenomena that give rise to contrast in
terahertz images. The fundamental imaging principles were first described by Mittle-
man et al. [3] and, for more detail, we would like to refer the reader to the Chap. 17
by Shibuya and Kawase, which provides an excellent introduction to the concept
of terahertz pulsed imaging and terahertz tomography. For a good introduction to
general terahertz imaging, see Lee [17].

In addition to the standard image signal processing and data analysis tech-
niques, further refinements were developed to improve the extraction of optical con-
stants from transmission measurements of thin single layer samples [29] as well as
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multilayered samples [30]. However, other measurement techniques, such as OCT,
are more mature and readily suited to measure the thickness of thin samples. For
this reason, and due to the limited power that can be generated with the currently
available pulsed terahertz sources, most industrial imaging applications are currently
performed in reflection mode.

Industrial applications of terahertz imaging will most likely involve the analysis
of solid samples that are highly transparent to terahertz radiation and where contrast
is achieved either by a change in refractive index, absorption coefficient or scattering.

18.2.2.1 Dielectric Properties and Vibrational Modes

Chapter 8, by Parrott et al., provides an overview of the spectroscopic properties
of solids at terahertz frequencies. The main contrast mechanism that is typically
exploited in terahertz time-domain reflection, or tomographic, imaging is the differ-
ence in refractive index between two materials. In time-domain terahertz imaging
the field E of the electromagnetic wave, rather than its intensity, is measured and
hence the reflectivity R is

. |Einterfacc|2 _ (n1 _n2)2
|Eol? (n1 +n2)?’

(18.1)

where Einerface denotes the electric field of the electromagnetic wave of the reflection
from the sample interface and Ey is the reflection from a reference, typically a mirror,
and n; and n» are the refractive indices of the two media that the terahertz pulse is
propagating through.

As the terahertz pulse is propagating through the sample a reflection will occur
whenever there is a change in refractive index. This change in refractive index can
either be due to the propagation of the pulse from one type of material into another
or it can be due to a distinct difference in density of the sample matrix which in turn
is reflected in a change in optical density.

In most (semi-)transparent materials at terahertz frequencies the refractive index
does not change significantly across the frequency components of the terahertz pulse.
However, as detailed in Chaps. 7 and 8, in some crystalline materials the intermolec-
ular vibrational modes fall into the terahertz frequency range, and hence pronounced
changes in both the absorption coefficient and refractive index can be observed at
the distinct frequencies of the vibrational modes.

This change in optical properties can be used to generate contrast in the resulting
terahertz images when processing the image data in the frequency domain. It is
possible to identify a wide range of small organic molecules [31, 32]; different
crystal structures of the same molecule [33-35]; degradation products in polymers
[36], and many other types of molecules as outlined in Chap. 8.


http://dx.doi.org/10.1007/978-3-642-29564-5_8
http://dx.doi.org/10.1007/978-3-642-29564-5_7
http://dx.doi.org/10.1007/978-3-642-29564-5_8
http://dx.doi.org/10.1007/978-3-642-29564-5_8

18 Industrial Applications of Terahertz Imaging 455

(a) ,, - (b

—

s o
\

Phase shift (rad)

o
in
t

y-direction / mm

auqy By Jad sa1em By / Juajuod ainysiow
o
n

Oplical Density
4

z 4 & & 10 12 1a 18 18 20
x-direction / mm

05 1 15
Moisture Content (kg water/kg fiber)

Fig.18.1 a Transmission image through 80 g/m? paper at 0.6 THz showing the distribution of water
in terms of absolute moisture content; b phase change (upper panel) and relative optical-density
(lower panel) relative to the dry paper sample shown as a function of the water content in the moist
sample (modified from [37])

18.2.2.2 Polar Liquids / Moisture

The optical properties are not only influenced by differences in density within the
sample matrix or vibrational modes but there is also a strong attenuation of the
terahertz pulse due to the presence of polar liquids, as outlined in Chaps. 9 and 16.

This effect can be exploited to quantify the amount of moisture in paper [37, 38]
(Fig. 18.1), in food [39] or in non-polar liquids such as crude oil [40]. In such appli-
cations terahertz techniques were shown to have advantages in detection sensitivity,
acquisition speed and much reduced scattering effects when compared to infrared
techniques.

18.2.2.3 Conductivity

As outlined in Chap. 8, Sect. 8.4.2 the conductivity o of the sample is related to
the dielectric constants by € = €4, + i(0)/(wep). This means that, with increasing
conductivity, both the absorption coefficient and refractive index also increase as
e=¢+ie =n+ir)

This property can be exploited for the characterisation of the electronic properties
of catalysts. Using quantitative physical models it is possible to extract the defect
density as well as the graphicity of catalytically active carbon materials such as
carbon nanofibres [41]. The same approach can also be used to analyse the electronic
properties of hydrocarbons that form on the surface of a catalyst during heterogeneous
catalysis. Depending on the reaction conditions, the hydrocarbons can either lead to
unwanted deactivation of the catalyst or the carbon structure can play an active role
in the catalytic reaction [42-44].
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18.2.3 Nondestructive Testing

In the field of non-destructive testing a wide range of materials from different indus-
tries has been analysed. Typically, the most successful applications have involved
materials that are quite transparent at terahertz frequencies. In the food industry the
main applications have been the detection of potential contaminations within a food
matrix, such as glass splinters in chocolate [4, 45], or to assess the homogeneity of
mixtures, such as raisins and cereal, in a boxed product [4]. In contrast a lot more
work has been reported for NDT applications in the fields of polymers and ceramics,
both again classes of materials that are mostly transparent at terahertz frequencies.

Starting from the early work by Mittleman et al. [2] on composite plastic parts
(Fig. 18.2) the basic imaging concept was applied to image the integrity of the space
shuttle fuel tank foam insulation [46]. The authors showed that it is possible to locate
voids and disbonds that were intentionally incorporated within a test piece of foam
insulation using time-domain terahertz imaging. The study by Picometrix showed
that it is possible to use a terahertz sensor that was attached to a 30 m long optical
fibre in such imaging applications. A similar study investigating the integrity of
polyurethane foam was also reported at the same time by Zhong et al. in collaboration
with Lockheed Martin [47]. These studies attracted considerable attention both in the
terahertz, as well as the wider NDT community. The technology was subsequently
evaluated by NASA for its suitability to detect nondestructively the early onset of
corrosion on the metal surface under tiles up to 76 mm of thickness used as part of
space shuttle insulation [48]. The authors concluded that terahertz imaging was a
unique NDT technique for detecting hidden corrosion under the space shuttle tiles,
which was previously considered undetectable when there is only access from one
side of the structure. Zimdars et al. showed how the entire volume of samples of
Kevlar soft shell fan containment systems, silica thermal protection tiles and sprayed
on foam thermal insulation can be analysed using terahertz computed tomography
[49].

Chapter 13 by Jansen et al., gives a comprehensive overview of how terahertz
radiation can be used to analyse polymers together with selected examples of appli-
cations. However, as this chapter is primarily concerned with industrial applications
of terahertz imaging, it seems appropriate to highlight a few select studies that fall
into this remit. Morita et al. published two studies that demonstrated the ability of
terahertz NDT to detect leaks as small as 30—40 um in plastic packaging materials
[50] and how this technique could be used for food applications [51]. Again, the main
advantages of the technique highlighted by these two studies, compared to compet-
ing technologies such as ultrasound, were that no immersion in matching refractive
index liquid is required in THz NDT and that it is suitable to investigate opaque
materials. Further examples of potential industrial applications of terahertz imaging
are the investigation of the fibre alignment in reinforced plastics [52] and the coating
integrity of jet engine turbine blades [53, 54]. A good overall summary of the current
state of THz NDT applications recently published by Lopato et al. [55] and Hsu et
al. provide some interesting insights into recent developments [56].
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Fig. 18.2 Terahertz image of a moulded composite plastic piece made from two parallel black
plastic sheets, with a rubberised foam padding between them. The foam is sprayed between the
plastic sheets, holding them together when it dries. The image shows the presence of a defect of
roughly 20 mm diameter in the internal foam-filled region on the left of the part (modified from [2])
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Fig. 18.3 Electro Optical Terahertz Pulse Reflectometry (EOTPR) for semiconductor fault testing.
a Optical images of the two failed devices showing the cut in the copper traces. b Results obtained
with EOTPR (source: TeraView Ltd.)

Recently, interest in semiconductor failure testing using pulsed terahertz radiation
has rekindled. Very promising results in microelectronic package fault isolation and
failure analysis have been reported where the new terahertz instrument shows sig-
nificant advantages over conventional time-domain reflectometry, both in terms of
the resolution that can be achieved as well as the bandwidth and measurement speed
[57, 58]. Figure 18.3 shows Electro Optical Terahertz Pulse Reflectometry (EOTPR)
results from an accuracy test. Here, the aim was to measure the difference in distance
between two cut copper traces in the same circuit of two identical integrated circuit
devices. The difference in position of the leading edge of the cut is 89 um. During
operation pulses are launched into the device under test via a high frequency circuit
probe. Portions of the pulse are reflected back as it encounters changes in impedance
within the integrated circuit such as open or short circuit defects. Reflections are
recorded as a function of time and result in the EOTPR waveform. The arrows on
plot b) of Fig. 18.3 indicate the reflections due to the cut in the copper traces. The
positive reflection indicates that the cut has resulted in an open circuit. The peak posi-
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Fig. 18.4 Nondestructive measurement of the penetration front of a solvent (in this case acetone)
into different polymers at room temperature: a polycarbonate; and b polyvinylchloride. The terahertz
data was acquired in reflection through the polymer sample. The results were compared to MRI
analysis of similar samples and excellent agreement was found (modified from [59])

tion gives the location of the fault and from the location we can obtain the separation
between the faults in devices A and B. This example illustrates how EOTPR can be
used to identify a fault and determine its location. As this development is driven by
the semiconductor industry together with terahertz instrument manufacturers, this
field of industrial applications is likely to grow considerably in the coming years.

Another very interesting application of terahertz imaging is the measurement of
liquid ingress into polymers as described by Obradovic et al. [59]. Using terahertz
reflection imaging it was possible to quantify the ingress of acetone into two samples
of polymer (Fig. 18.4). The results of this study suggested that terahertz imaging has
the potential to characterise liquid mobility and subsequent conformational changes
in the polymer matrix.

Two studies that should be mentioned in the field of polymer analysis in an indus-
trial context are the development of an online polymer compounding sensor that
can be used to monitor the compounding process during manufacture [21], and an
in-line terahertz measurement gauge that was developed to control the lamination
process of a two-layer roofing plastic insulation membrane [22]. The latter study
demonstrated that the layer thickness of the laminate can be measured reliably and,
at the same time, that delaminations can be detected in real time during process con-
ditions (Fig. 18.5). The work is of particular significance as, rather than as part of
a proof-of-principle study, this measurement sensor was installed on the production
line of a company. To our knowledge, this is the first time that a terahertz sensor
has been endorsed by an industrial end user in this way and put to routine use in a
manufacturing environment.
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Fig. 18.5 Terahertz gauge mounted on a gantry in the production line of the plastic sheet lamination
process. a Photograph of the setup; b Measurement results over process time. The total thickness
of the sheet is represented by different grey values (modified from [22])

18.2.4 Real-Time Imaging

As the previous section shows, there are a number of exciting applications for
terahertz imaging in an industrial context. However, from the technology point of
view, one considerable limitation is that all imaging experiments have to be per-
formed by raster scanning over the object of interest. The image is mapped out pixel
by pixel, which can take anything between a couple of minutes to a couple of hours
depending on the size of the object and the spatial resolution required for the par-
ticular application. This lack of real-time imaging capability is a genuine limitation
of terahertz imaging as it limits the current industrial imaging applications to 1D
measurements in process control (e.g. terahertz depth gauge, with process time pro-
viding the second dimension) or to offline 2D and 3D measurements with limited
throughput in terms of number of samples or size of object that can be analysed.

The first successful demonstration of how to achieve real-time 2D imaging using
terahertz radiation was made by Wu et al. [60—62]. For this purpose the same measure-
ment concept that is commonly used in the detection of terahertz pulses in THz-TDS,
as outlined in detail in Chap. 1, was used in a 2D configuration rather than in 1D.
Using frequency upconversion by means of an electro-optic crystal such as ZnTe it
was possible to image the terahertz beam using a CCD focal-plane camera. In this
configuration imaging is performed in transmission and the image quality is limited
by the low brightness of the commonly used pulsed sources as well as the purity
of the ZnTe crystal which limits its applications. However, the advantage of this
technology is that the terahertz pulses are inherently broadband, and hence spectral
information of the samples can be analysed easily. This imaging concept has been
used to discern different chemicals [63, 64], monitoring the drying process of paint
[65] and revealing hidden objects in plastic pipes and polymer matrices [66].

Using a gas laser operating at 2.52 THz, Lee and Hu took this 2D imaging concept
forward to achieve faster acquisition speeds by utilising a focal plane array detector
and exploiting the much higher brightness of the gas laser (10 mW output power
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compared to uW power in the time-domain systems), thereby achieving a much
better signal-to-noise ratio at frame rates of up to 60 frames per second [67]. They
later demonstrated the same imaging principle by using more compact Quantum
Cascade Lasers [68] instead of the gas laser [69]. This development potentially opens
up new opportunities by utilising QCLSs that can be switched between different output
frequencies [70] as well as by extending the imaging work to tomography applications
[71].

18.3 Pharmaceutical Industry

18.3.1 Specific Imaging Requirements

In the pharmaceutical industry the most commonly used, and most commercially
valuable, dosage form for administering a drug to a patient is the tablet. A tablet
is a compacted powder designed to be swallowed. Once it reaches the desired site
in the gastrointestinal tract—either the stomach, the small intestines or the colon—
it will disintegrate. The drug molecules will subsequently dissolve and, once in,
solution absorption (typically through the intestinal mucosa) occurs before the drug
is distributed throughout the body by blood circulation.

The microstructure, distribution, particle size and morphology of all materials
that are part of the tablet formulation, such as the drug molecules and the excipient
components, have a strong impact on physical attributes that are important during
manufacture. These include tablet hardness, robustness and adhesion to the tablet
punch, as well as more chemical characteristics such as the stability of the drug
molecules which, in turn, influences the tablet shelf-life and ultimately its bioavail-
ability, i.e. how much of the drug molecules actually reaches the bloodstream.

In recent years solid dosage forms with sophisticated polymer coatings, or insol-
uble porous matrix structures, have been developed. Such advanced drug delivery
techniques have gained more and more importance in order to meet increasing
expectations for efficient and controlled drug delivery. This in turn has resulted in
more complex processes for the production of such structures, which require exact
control to ensure the quality of the resulting product. Consequently, there is a strong
demand in the pharmaceutical industry for non-destructive imaging technology to
assess the microstructure of the tablet throughout product development and manufac-
turing in order to ensure its quality while optimising the productivity and, ultimately,
profitability.

Various imaging methods have been proposed to assess product performance and
quality through evaluating the physical and chemical uniformity within a tablet [8,
72, 73]. Infrared and/or FTIR-Raman imaging are able to reveal the uniformity of
drug molecules of a sample (near the surface). However, using this technique, a full
3D chemical map would require slicing through the tablet many times: an approach
which is destructive, time-consuming and which may introduce artefacts to the tablet
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under investigation. On the other hand, X-ray computed microtomography provides
a full high resolution 3D map of the microstructure of a tablet; yet its contrast is
limited by the small differences in electron density within a typical formulation
(except for inorganic pigments that are used in some coatings). It has thus little or
no chemical specificity to differentiate: for example, drug molecules from excipients
within a tablet. In addition, the data acquisition and reconstruction is relatively time-
consuming and there can be safety concerns when using ionising radiation depending
on the environment the instrument is operated within.

As discussed above, the ‘ideal” imaging technique should be capable of mapping
and analysing the internal structures within complex pharmaceutical products nonde-
structively. It should be able to reveal structural defects such as coating delamination,
capping and cracking inside a tablet, as well as having the ability to map chemical
non-uniformities such as a segregation of drug and excipient particles. The technique
needs to be non-destructive and non-invasive (leaving the sample intact and in its
original state during analysis), accurate and efficient, easy and safe to use.

Imaging of pharmaceutical dosage forms using terahertz radiation is a very attrac-
tive option due to the fact that most materials that are used as excipients for tablets are
amorphous and hence do not exhibit any distinct spectral features while at the same
time they are (semi-)transparent. This makes it possible to carry out non-destructive
imaging at depth due to the high penetration depth that can be achieved. On the other
hand, most drug molecules are small organic molecular crystals and have distinct
vibrational modes at terahertz frequencies (see Chap. 8 by Parrott et al. for further
details). This means that not only can drug particles be identified within the tablet
matrix but different drug molecules can be distinguished quantitatively.

In subsequent sections we will discuss first the practical aspects of terahertz
imaging instrument/measurement in the context of pharmaceutical applications, fol-
lowed by an overview of some recent application highlights of terahertz imaging in
pharmaceutics and solid dosage forms. A number of more detailed technical reviews
on pharmaceutical applications of terahertz time-domain spectroscopy and imaging
were published recently and the reader is referred to these reviews for any further
details that are beyond the scope of this chapter [7, 9, 74, 75].

18.3.2 Instrumentation

To date, the most commonly used terahertz imaging technique for the quantitative
characterisation of pharmaceutical solids is terahertz time-domain spectroscopy in
reflection, also referred to as terahertz pulsed imaging (TPI) [20, 76]. Figure 18.6
shows the schematic diagram of a typical TPI system (in this case the TP imaga 2000,
TeraView Ltd., Cambridge, UK), which was specifically designed for applications
in the pharmaceutical industry. The core technology of the TPI system is based on
terahertz generation and detection using an ultrafast laser as described in Chap. 1 of
this book by Freeman et al. In brief, a beam splitter separates the near-infrared laser
light into an excitation beam and a probe beam. Terahertz pulses are generated by
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Fig. 18.6 Schematic dia-
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optical excitation of a biased photoconductive antenna [77]. In this system terahertz
pulses emitted from the photoconductive antenna are collimated and focused onto
the sample using a silicon lens system. The reflected and backscattered terahertz
pulses are then collected and focused, using the same silicon lens system, onto an
unbiased photoconductive antenna for the laser-gated terahertz detection [78].

In TPI measurements, the transient electric field of the terahertz pulses is recorded
as a function of the time delay between the terahertz pulse and the optical probe
pulse. By sweeping the optical delay using a rapid variable delay stage, the entire
terahertz waveform can be measured in less than 10ms. As most pharmaceutical
tablet excipients are transparent or semi-transparent to terahertz radiation, terahertz
pulses incident on a tablet surface will penetrate through different coating layers. At
each coating interface or abrupt change in refractive index (between drug particles
and excipient matrix), a portion of the terahertz pulse is reflected back to the detector.
This provides the contrast mechanism to map the drug and interfaces from different
coating layers or subsurface structures within the tablet (Fig. 18.7).

To acquire a TPI map of a tablet terahertz waveforms are measured at 200 pm steps
over the whole surface of a sample. Most pharmaceutical tablets have curved surfaces
and, hence, a precise model of the surface shape and curvature of the tablet under
investigation is the prerequisite for a reliable and quantitative TPI measurement.
This surface model is obtained before the terahertz mapping step by using a laser
gauge that uses a visible laser beam with a wavelength of 670nm [20]. The model
is generated automatically by moving the tablet in front of the laser gauge using the
six-axis robot system. Once the topology model is acquired it can be used to present
the tablet sample to the terahertz optics. During the entire TPI mapping step the tablet
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Fig. 18.7 Terahertz time-domain waveforms after signal processing of two samples of coated
pharmaceutical tablets. The first two samples are coated with a single polymer layer. The first
reflection is due to the interface between free space (air nop = 1) and the polymer coating. The
second reflection originates from the interface between the polymer coating and the tablet core. In
the sample on the left the refractive index on the coating material, 71¢04¢, is higher than the refractive
index of the tablet core, ncore, and hence a negative peak is observed. The opposite is the case for
the sample in the centre. Here, n1coat > 7core, resulting in a second positive peak. In the third sample
(right) there are two coating layers on top of one another with ncoar,2 > Mcoat,1 < core

is kept precisely at the focal position with sample surface always perpendicular to
the terahertz probe [79]. Consequently, no sample preparation is required and most
pharmaceutical solid dosage forms with common shapes and surface curvatures can
be directly imaged using this instrument [20].

In mostimaging systems, in order to reduce the effects of water vapour absorption,
the whole terahertz system and the sample under investigation have to be either
purged with dry nitrogen gas or be evacuated throughout the measurement. However,
this may not always be possible for some pharmaceutical solid dosage forms and
is certainly not convenient for industry applications. By integrating both the THz
emitter and detector into a specially designed silicon lens system (Fig. 18.6), the
terahertz generation and detection are completely confined within the silicon lens
system without any exposure of the terahertz pulse to the atmosphere before leaving
the silicon optics. As the distance between the silicon lens and the sample is less than
8 mm, the effects of water vapour absorption on the terahertz waveform are minimal
and no nitrogen purging is required, which greatly simplifies the measurements.

18.3.3 Signal Processing

The measured raw waveform is the convolution of the sample response and the system
response of the instrument used as well as other effects such as systematic signal
distortions, random noise and sample-structural effects.
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Fig. 18.8 Block diagram in I(n) r(n) I(n) vy g(n) s(n)
problem definition without @ h(n) @

sample (/eft) and with sample

(right). Adapted from [84] ¢(n) ¢(n)+ v(n)

Of these effects the systematic distortions are the most significant contributors
to TPI measurement errors as they cause time delays, dispersion, phase change and
after-runners in the THz pulse [80]. Causes of these distortions include reflections and
subsidiary oscillations in the emitter; water molecule resonance absorption as THz
radiation propagates through the system, and dispersive effects of the waveguides.
Random noise includes emitter noise resulting from intensity fluctuations in the
ultrafast laser, Johnson- Nyquist noise generated by charge carriers in the sub-
strate in the absence of THz electrical field, thermal background radiation and more
[81, 82]. Without proper modelling, structural effects of the sample cannot be quan-
tified, adding to the complexity of signal analysis. These structural effects include
back reflection and scattering effects. Back reflections are also known as parasitic
reflections. Usually the intensity of this is insignificant compared to the fundamen-
tal reflections but it can become significant when there is a lamination problem in
which an air gap is present between different layers of the sample [79]. Compared to
imaging techniques utilising infrared or visible radiation TPI suffers from relatively
less scattering effects as terahertz radiation wavelengths are significantly larger than
most of the scattering structures of a sample [83]. However, scattering effects can
become significant when there are a significant number of edges on the sample, such
as embossing and breaking on pharmaceutical tablets or when the surface is very
rough.

18.3.3.1 Definition of the Problem

The definition of the signal processing problem is modified from Refs. [84] and [85]
under the assumption that the TPl measurement system is a linear time-invariant (LTT)
system. Figure 18.8 shows the block diagram of a TPI system without and with the
sample respectively. We refer to a sample as a particular point on the pharmaceutical
tablet under examination, which will later contribute to a pixel of the terahertz image.

r(n) is the TPI measurement in free space. Since the TPI measurement is based
on reflection, r(n) is obtained from a perfect terahertz reflection on a mirror. It is
commonly known as the reference signal.

r(n) =1(n) + ¢(n) (18.2)
I (n) is the input signal generated by the THz emiitter. ¢ (r) captures the background

effects and corresponds to the detector reading before the emitter generates THz
pulse. Itis commonly known as the baseline signal. £ (n) can be considered as additive
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Fig. 18.9 Baseline, reference and raw sample signals in the: a time and b frequency domain

white Gaussian noise (AWGN), which is independently and identically distributed
[86], and which is commonly referred to as the background signal.

A terahertz waveform comprises many time-discrete samples. Therefore, for the-
oretical clarity, the signal indices in the time domain are denoted by n instead of
t in order to emphasise the discrete nature of TPI waveforms. The total number of
data points, N, is large (usually N = 512), and hence the signals can be considered
continuous in any mathematical operation.

When a sample is present in the TPI system, the resulting signal, also known as
the sample signal s(n) is:

s(n) = g(n) +&(n) +y(n) (18.3)

¢(n) + y(n) is the system overall AWGN. g(n) is the product of circular convo-
lution (denoted by ®) of the input signal / (n) and the original impulse response of
the sample /& (n). Therefore, s(n) can also be defined as:

sn)y=1n)@h(n)+¢m) +yhn) (18.4)
Subsituting Eq. 18.2 into 18.4 leads to

s(m) —¢m) = (r(n) —¢(n) @h(n) +yn) (18.5)

The objective of signal processing is to obtain /(n) (the estimate of /(n)), given
the baseline ¢ (n), reference r (n) and sample signals s (). This operation is generally
known as deconvolution, as it is an attempt to extract (n) from the convolution ®.
Figure 18.9 shows the baseline, reference and sample signals acquired from a phar-
maceutical tablet.

Since ¢ (n) is AWGN and not convoluted, it can be removed by simple subtraction.
Eq. 18.5 now becomes:

s'(n) = r'(n) ® h(n) + y (n) (18.6)
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where s’(n) and r’(n) are baseline-subtracted s(n) and r (n). Baseline subtraction
is always the first and necessary step of signal processing. For notation simplicity,
s(n) and r (n) should now be understood as s’ (n) and 7’ (n). The overall AWGN of the
system is always higher in the presence of the sample as compared to the baseline;
this difference is represented by y (n) in Eq. 18.6 (Fig. 18.10).

18.3.3.2 Inverse Filtering

Conventionally, the estimated sample signal 4 (n) is obtained by dividing the raw
signal s(n) with the reference signal r (n) in frequency domain:

h(n) = FFT~! ’%] (18.7)
Equation 18.6 written in the frequency domain becomes
S(w) ¥ R(w)H (w) +T'(w) (18.8)
The division between S(w) and R(w) is then
- r
H(a))%%zH(a))—i-% (18.9)

Equation 18.9 shows that the division in the frequency domain amplifies any
high frequency noise in the signal particularly when |R(w)| =~ 0 [85]. Coupling the
frequency domain division with an appropriate band-pass filter, f(n), can suppress
these anomalies. The deconvolution now becomes [87]:

FFT[s(n)]

. _ —1
i(n) = FFT [FFT[r(n)]FFT[f(n)] (18.10)

This operation is generally known as inverse filtering. The band-pass filters that
have been used in practice for terahertz signal deconvolution are the Double Gaussian
(DG) and the Customised Skewed Gaussian (CSG) filters.

Double Gaussian filter

This is the most conventional filter used in TPI signal processing. Woodward et al.
[88] and Pickwell et al. [89] used it to analyse TPI data for in vivo studies of human
skin. As the name implies, it uses two Gaussian filters to act as high-pass and low-pass
filters. The high-pass filter passes higher frequency components but attenuates lower
frequency components. The opposite is true for low-pass filter. The time-domain DG
filter is defined as:
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corresponding frequency-domain representations b HF and d LF

t2 t2
JpG (1) = exp (_ﬁ) — exp (_F) (18.11)

where HF and LF define the pulse width of the high-pass and low-pass filters respec-
tively.

At low LF, the shape of the deconvolved signals is distorted: it is difficult to
differentiate between the interface peak and the deconvolution artefact, which
emerges as two ‘shoulders’ at both ends of the surface peak (Fig. 18.11). Another type
of artefact is the shifted signal ‘tail” at high value of both HF and LF. At appropri-
ate values of LF and HF, the deconvolution is satisfactory, resulting in deconvolved
signals with distinguishable peaks and flat base.! In this acceptable parameter range,
alower value of HF and a higher value of LF improve the signal preservation due to an
overall broader filter bandwidth, thus it is the best combination for the deconvolution.

Customised Skewed Gaussian Filter

In the context of TPI application in tablet coating analysis, the CSG is the most
popular approach, as it is implemented in the commercial software package supplied
by TeraView Ltd. The filter used in this method is a skewed DG filter customised to
suit the application in tablet coating analysis. CSG is defined in time domain as:

! The signal base is the part of the signal that corresponds to terahertz wave propagation through
the coating layer (between peaks) or deeper into the tablet matrix (after the last peak). Ideally, it
should be flat so that peaks can be identified easily.
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(500r )2
exp| —{ —
V2 P T pw
where the PW corresponds to the pulse width of the Gaussian filter (Fig. 18.12).
Another important parameter of this method is the cut-off frequency (CF), which
does not appear in the filter function but is incorporated in the deconvolution algo-
rithm. As shown in Fig. 18.12b, it sets the frequency above which the high frequency
components are removed from the frequency domain division (to prevent noise ampli-

fication as shown in Eq. 18.9). Figure 18.13 shows the effects of the different filter
settings on a typical time-domain waveform.

fesg(t) = (18.12)

18.3.4 Imaging of Pharmaceutical Tablets

18.3.4.1 General Principle

Figure 18.14a shows a typical terahertz time-domain waveform of a single pixel on
a tablet which was coated with one polymer layer. The maximum at 0.00 mm is due
to the reflection of terahertz pulse at the surface of the tablet, the interface between
air and the coating.” The second peak at 0.38 mm is caused by the reflection of the
terahertz pulse at the interface between coating and tablet core.

By plotting the mapped image points along one axis a B-scan (Fig. 18.14b) of the
tablet can be obtained. This is a representation commonly used in ultrasonography
or OCT. In this representation the curvature of the object is removed by project-
ing the image into a plane with all surface reflections lined up at + = 0 mm. This
representation is useful to detect variations in coating thickness as well as density

2 In all figures in this chapter the time delay is quoted in mm optical delay with n; = 1.
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Fig. 18.13 CSG inverse filter deconvolved signals at different values of PW and CF. In this example
the setting of PW = 15 and CF = 150 results in a good deconvolution

variations deeper in the tablet matrix. Alternatively, all pixels can be mapped out in
a conventional 2D map (Fig. 18.14c).

Note that TPI is a 3D imaging technique and each TPI measurement provides a
true 3D data cube: the x- and y-axes describe vertical and horizontal dimensions
and the z-axis represents the time-delay dimension (depth-direction) of the sample.
The lateral resolution is limited by the wavelength of the terahertz radiation and the
depth resolution is limited by the pulse duration. For most pharmaceutical tablets,
the achieved spatial resolution is typically in the range of 150-250 pwm in lateral and
30-40 pwm in axial direction [20, 79].

The surface topography model that was measured in the first step of the TPI
measurement prior to acquiring the terahertz pulses as outlined in Sect. 18.3.2 is
stored separately during the TPI measurement (Fig. 18.14d). This information can
be combined with the 2D map to generate a 3D representation (Fig. 18.14e) and to
extract tomographic slices from the data set (Fig. 18.14f).

18.3.4.2 Parameters

The most widely used application of TPI analysis of coated tablets is the non-
destructive measurement of the coating thickness and its spatial distribution over
the surface of the tablet. The coating thickness d can be directly extracted from the
time-domain waveform:
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Fig. 18.14 Terahertz image of a single-layer coated tablet: a typical time-domain waveform of a
single pixel; b B-scan map measured along the y-direction of the map at x = 0 mm. The red line at
t = Omm represents the surface of the tablet while the subsequent dark line around t = 0.40 mm
corresponds to the interface between the coating and the tablet core. ¢ 2D map of all pixels acquired
for one surface of the tablet. In this map the peak intensity (relative amplitude of the surface
reflection compared to the amplitude of r(n) is plotted). d Map of the surface height measured
using the optical laser gauge; e 3D representation of the peak intensity map; and f 3D slice through
the tablet

At
a="2
2n

(18.13)
where At is the time delay between the surface reflection and the reflection from
the coating/core interface, c is the speed of light and 7 is the refractive index of the
coating layer.

The refractive index of the coating layer can be measured by THz-TDS either
using a free standing film of coating material which was cast out and dried or, if the
tablet is sufficiently transparent, by directly using a coated tablet as a sample and
an uncoated tablet core as a reference in a transmission measurement. Estimating
the refractive index of the coating based on the volume fractions and the individual
refractive indices of the different materials that make up the coating formulation is
not recommended. As shown in Fig. 18.15 the TPI coating thickness measurements
have been validated using X-ray microtomography as an independent technique on
samples of the same tablets [90].

It is important to keep in mind that, while an accurate value for the refractive
index is essential to obtain absolute coating thicknesses in most applications, it is
the relative difference in coating thickness (for example the distribution of the film
on the surface of a tablet or the relative differences in thickness between tablets of
the same coating batch) that is of more interest.

Figure 18.16 shows images and histograms of the coating thickness distribution
for a single-layer coated tablet. The big advantage of terahertz imaging is that the
technique is capable of measuring not only an average coating thickness but also
to resolve the homogeneity of the coating thickness across the entire surface of the
tablet. Both the mean and the standard deviation of the coating thickness can be
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Fig. 18.15 Validation of the
coating thickness measured by
TPI using X-ray microtomog-
raphy. For both measurements
the same tablet was used.
Very good agreement is found
between the two techniques
(modified from [90])

Fig. 18.16 False colour
images and histograms of
the peak intensity map (left),
and the coating thickness
distribution (right) for a
single-layer coated tablet
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measured non-destructively. In our example the histogram clearly indicates that the
coating thickness over the entire surface of the tablet follows a normal distribution
(Fig. 18.16); yet it is clear from the image that there is a distinctly thicker coating
in the top left when compared to the bottom right. Such local variations in coating
thickness are of no concern in a cosmetic coating, which is applied to give the tablet
a uniform colour, gloss and visual appeal. However, if the coating is designed to
control the drug release rate by means of a diffusion barrier, such local variation in
coating thickness are critical as they will determine the overall diffusion rate of the

tablet.
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Fig. 18.17 Terahertz maps of a coating thickness, b surface refractive index, and ¢ interface index.
All maps show the same tablet in exactly the same orientation

In addition to the coating thickness (Fig. 18.17a) of a single layer, the waveform
contains additional useful information: the amplitude of the first peak provides infor-
mation on the refractive index at the tablet surface (Fig. 18.17b), which can be used
to map out the tablet or coating hardness and/or density [91, 92]. Furthermore, it is
possible to measure the coating thickness not only for the top layer but also for any
subsequent layers which might be coated onto the tablet [20, 76].

A further property that can be extracted from the terahertz waveforms is the
interface index, II, which is defined as

_ |Ral

II= ,
[Rol

(18.14)

where R, is the amplitude of the reflection at the nth interface and Ry is the amplitude
of the reflection from the surface of the sample. Figure 18.17c shows a map of the
interface index.

18.3.5 Applications

18.3.5.1 Analysis of Tablet Coatings

Asoutlinedin Sect. 18.3.1, coating of tablets with one or more polymer layers is a very
common process step in pharmaceutical manufacturing. Traditionally, coatings were
used merely for cosmetic purposes, to mask the taste of bitter drugs or to facilitate
swallowing of the tablet. However, during the past decades functional coatings have
become increasingly common. Functional coatings can be used to control the drug
release site in the body as well as the release kinetics. A wide range of different types
of coatings are used for this purpose. For example, enteric coatings, using polymers
that are poorly soluble at low pH, are used to protect the drug molecules in the tablet
against degradation in the acidic environment of the stomach; while sustained release
coatings, where the polymer layer forms a porous diffusion barrier, are used to obtain
a slow but sustained release profile. Typically, poorly soluble polymers across a broad
range of pH are used for this purpose and the drug release kinetics is controlled by
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Fig. 18.18 3D maps of coating layer thickness (fop) and surface refractive index (bottom) for a
biconvex tablet

the polymer film thickness and its porosity. The quality of tablet coating will thus
have direct implications on product performance [93].

In a proof-of-principle work, Fitzgerald et al. studied coated pharmaceutical
tablets using a table-top flat-bed terahertz imaging system [76]. It was found that
the coating thickness of sugar-coated tablets could be determined quantitatively
and non-destructively. However, the coating thickness map obtained in this exper-
iment only covered part of the tablet surface, as the samples had curved surfaces
but acquisition was limited to a single xy plane. The success of this work led to the
further development of commercial TPl instruments which were specifically designed
for fully automated acquisition of terahertz images of arbitrarily shaped tablets as
outlined in Sect. 18.3.2 [20, 79]. Using this instrument the coating thickness and
uniformity could be readily obtained for a wide range of pharmaceutical dosage
forms such as film-coated tablets, multi-layered controlled release tablets and soft
gelatine capsules [20]. In other studies, TPI has been successfully applied for the
analysis of coating thickness and uniformity of sustained release tablets [94], and
for detecting weak spots in the coating that are not visible to the naked eye [95].
Malaterre et al. successfully applied TPI to investigate the coating characteristics
of push—pull osmotic systems, a further controlled release tablet technology that is
based on multiple coatings [96].

Because the TPI measurement covers the whole tablet surface, aspects of coating
defects along with their site, depth and size can be identified using virtual terahertz
cross-sections. Figure 18.18 shows a typical result for the intra-tablet variation in
coating layer thickness for biconvex tablets, where the top and bottom surfaces of
the tablet exhibit different coating characteristics to the centre band. In this example
the coating thickness around the centre band of the tablet (d = 255 um) is thicker
compared to the thickness of the the top and bottom surfaces and there is only a small
difference in mean thickness between the top (d = 227 um) and bottom surfaces
(d =236 um).
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Both cases, where the thickness of the centre band is thicker compared to the
top and bottom surfaces as well as the opposite case, have been observed. Here, the
density of the centre band was found to be lower compared to the top and bottom
surfaces [97]. This difference in density is reflected in the lower refractive index of the
surface of the polymer coating (Fig. 18.18). The results of the studies so far suggest
that such variation in the microstructure of the coating is dependent on the process
conditions during the coating operation. Factors such as tablet geometry, relative
exposure to the spray zone and in particular the process scale, batch size and resulting
pressure in the coating bed have been suggested to contribute to these findings. In
general the effect seems more pronounced the smaller the process scale and batch size
[94, 95]. The TPI results were confirmed by scanning electron microscopy (SEM)
as well as by light microscopy on the same batch of tablets.

The standard quality control test for film coating is to determine the weight gain
during coating by comparing the average mass of an uncoated tablet with that of a
coated tablet. For this test it is assumed that the coating layer is uniformly distributed
over the whole surface of the individual tablet and between all tablets of the same
batch. However, the TPI results clearly demonstrated that this assumption is not
always valid [94, 95].

One application of TPI coating measurements for which the measurement of the
absolute layer thickness is critical is so-called active coating of tablets. In active
coating a drug molecule (active pharmaceutical ingredient) is mixed into the soluble
coating polymer. This layer typically contains a drug which is meant to be released
quickly upon administration to the patient. In contrast, the tablet core might be a
matrix formulation that will release further drug molecules slowly by diffusion once
the active coating has disintegrated. Using such advanced drug delivery systems
the drug release can be controlled very precisely and in turn the number of tablets
the patient has to take per day can be reduced. For tablets with an active coating a
uniform layer thickness throughout the production batch is extremely important as
any deviation from the target thickness will either lead to too little drug in the tablet,
which might not achieve the desired therapeutic effect, or more critically too high
drug doses, which are toxic for the patient. Brock et al. have recently demonstrated a
very good correlation between the coating thickness as measured by TPI and the drug
content of the coated tablet as measured by high performance liquid chromatography
after dissolving the same tablets (Fig. 18.19). TPI is unique in its quantitative ability
to reliably measure the drug content even for very thick coating layers [98].

Another potential imaging method for coating analysis is OCT using near-infrared
radiation [99, 100]. Zhong et al. reported experimental results of using OCT and TPI
for quantitatively characterising pharmaceutical tablet coatings in the thickness range
of 10-140 pm (Fig. 18.20) [101]. It was found that the OCT set-up for this application
has an axial resolution of 0.9 um, and is capable of quantifying thin coatings in the
range of 10—60 um. The maximum thickness of 60 um that can be measured by
OCT is limited by strong scattering of near-infrared light within the tablet coating
and core due to its relatively short wavelength in the range of 0.5-1.0 um. Terahertz
radiation has a wavelength in the range of hundreds of microns, and thus TPI is
much less affected by scattering limitations in this application. Using TPI it was
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Fig. 18.19 Correlation
between coating layer thick-
ness as measured by TPI
and the drug content in an
active coating as measured
subsequent by destructive
chromatography (modified
from [98])

Fig. 18.20 The averaged
coating thickness of individ-
ual tablets against the amount
of polymer applied. The
diamonds represent TPI
results whilst the circles
represent the OCT results;
The inset shows TPI coating
thickness maps (2D maps in
xy directions) obtained for the
tablets referring to the circled
data points with a weight
gain of 18.2 mg/cm?. A large
tablet-to-tablet variation of
coating thickness is visible
(modified from [101])
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possible to measure thicker coatings in the range of 40—140 um and beyond. The
authors concluded that OCT and TPI are complementary analytical techniques for the
non-destructive and quantitative characterisation of pharmaceutical tablet coatings
[101]. OCT was better suited to resolve thin coatings which were below the resolution
limit of TPI while TPI had clear advantages in analysing coating layers that were

thicker than 60 pm.



18 Industrial Applications of Terahertz Imaging 477
18.3.5.2 Analysis and Monitoring of the Coating Process

TPI was used to monitor the progress of the coating process by offline analysis
of samples that were removed at regular intervals from the tablet bed during film
coating [102]. As expected, a linear correlation in coating thickness with the amount
of applied polymer was found. In this study a sustained release coating was used
and the authors found a linear correlation between the drug release and the coating
thickness as measured by TPI. Scale-up of the process from the laboratory scale to
the pilot scale resulted in a significant change in coating characteristics. The larger
the process scale, the more dense the polymer film was found to be.

In two separate studies the results from TPI were compared with near-infrared
(NIR) spectroscopy and imaging [103, 104]. Both TPI and NIR methods were able
to measure the build-up of the coating layer as well as to detect small defects in the
coating non-destructively. NIR imaging was found to be better at resolving thinner
coating layers in the early stages of the coating process. It also has a higher spatial
resolution compared with TPI. However, TPI has the advantage that its thickness
measurements do not require further calibration even for very thick coating layers.
This is in contrast to the NIR methods which always rely on thickness calibration by
means of chemometric models that need to be specifically designed for each coating
process.

This quality makes TPI interesting as a calibration tool for NIR and Raman
measurements. Both techniques estimate the thickness of the coating based on the
relative change in strength of spectral features. These spectral features are from
chemicals that are either only found in the tablet core, in which case their attenuation
indicates increasing coating thickness, or which are specific to the coating and hence
stronger peaks relate to thicker coatings. The TPI measurements can thus be used to
calibrate the NIR and Raman spectra for absolute coating thickness. In the example
of an in-line Raman sensor Miiller et al. demonstrated how a TPI calibration can be
used to determine the endpoint of a coating process [105].

In a recent study, May et al. demonstrated for the first time how terahertz pulsed
technology can be used to quantitatively measure the coating thickness of randomly
moving tablets in a production scale pan coater using an in-line terahertz sensor
(Fig. 18.21) [23]. The acquisition time to produce a coating thickness map of an
entire tablet can be as much as 60 min using the TPI method outlined previously. In
contrast the in-line sensor is able to assess the thickness of a single tablet in less than
9 ms during directly in the coater without interfering with the coating process. Direct
thickness measurements of film coatings are achieved with sub-micron resolution
without the need for any prior chemometric calibration models. Figure 18.22 shows a
typical plot of coating thickness measured by the in-line process sensor as a function
of process time. The ability to measure the coating thickness distribution in the
coating pan in situ (Fig. 18.22b) cannot be achieved using any of the currently
available near-infrared or Raman sensor technology, as each measurement point
acquired with these techniques inherently represents the temporal and spatial average
over a large number of tablets. The coating thickness distributions that are measured
during the process clearly highlight the need for a better process understanding: while
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Fig. 18.21 Terahertz in-line sensor for coating thickness measurements. a, ¢ Schematic of the
sensor configuration; and d photograph of the sensor fitted into a production scale coater; the
terahertz spectrometer on the left of the photograph is connected to the terahertz gauge using an
optical fibre. The inset shows the terahertz sensor fitted behind the coating drum as outlined in (a)
and (b) (modified from [23])

the measurement of the average coating thickness agrees well between the in-line
and offline reference method, the in-line sensor reveals that there is a considerable
population of tablets with much higher coating thickness in the coater that is not
represented by the sample taken for offline analysis. In principle the in-line sensor
allows terahertz technology to make their way from the development laboratory to the
manufacturing floor. This exciting new sensor technology could have considerable
impact in process understanding, process analytical technology (PAT) and quality-
by-design (QbD) developments of film coating processes, although more research is
required to assess its full potential.

18.3.5.3 Uncoated Tablets—Tablet Inspection and Solvent Diffusion

The ability of using TPI for the analysis of the “hardness” of pharmaceutical tablets
was investigated by May et al. [92]. As shown in Fig. 18.23, radially symmetric
spatial distributions in tablet density due to the shape of the punch used in the tablet
manufacture were observed.

A strong correlation between the TPI results and those from diametric compres-
sion tests, the traditional destructive hardness test, was found and the TPI results were
explained by means of finite element analysis (FEA) simulations. It was concluded
that the TPI method is advantageous in that it is non-destructive in nature and at the
same time provides additional information on the spatial distribution of the tensile
strength of the tablet under study. This information can then be used to detect stresses
originating from the compaction process that are buried under the surface of a tablet.
Palermo et al. investigated the ability of TPI to quantitatively measure density maps
of a tablet [91]. By using a multivariate calibration model, it was possible to pre-
dict the density of compacted mixtures of four excipients. Other studies [106, 107]
indicate that TPI might also be useful for characterising tablet surface roughness and
tablet bulk properties such as porosity non-destructively. More recently, Tuononen et
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Fig. 18.22 Coating thickness measured by the in-line sensor: a coating thickness from 30's averages
as measured by the terahertz in-line sensor (open circles) and corresponding weight gain measure-
ment (filled triangles); b variation in coating thickness of tablets sampled during 10 min process
time using the in-line sensor (fop) and from tablets removed at the same time using the offline TPI
measurement. For the TPI measurement the histogram is plotted using all pixels from the images
from all faces of the tablet (modified from [23])
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Fig. 18.23 Surface refractive index maps of 14 mm diameter, bi-convex tablets compressed at a
compaction force of 8.87kN (modified from [92])

al. showed that it was possible to estimate the real and imaginary part of the permit-
tivity of the pure component of a starch acetate tablet [108]. All these results suggest
that TPI is also suitable for the non-destructive analysis of uncoated pharmaceutical
tablets. Other techniques such as X-ray computed tomography can also be used to
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map the tablet density variation [109]. TPI has the additional advantage that terahertz
radiation is non-ionising and hence inherently safe, which can be beneficial when it
comes to industrial applications (Fig. 18.24).

Another area of interest for terahertz imaging is the study of solvent ingress
into solid polymers. The topic is of great practical importance in the industry both
with respect to the processing as well as the applications for polymers [110]. For
certain applications (e.g. controlled drug delivery) solvent transport is desirable;
however, in others, it causes degradation and contamination of the polymer (e.g.
packaging) [111]. Accurate and time-resolved measurements of the liquid ingress
process are very valuable for the validation of theoretical models of this process. The
general measurement principle that terahertz technology can be used to study solvent
diffusion processes into a polymer matrix was first demonstrated by Obradovic et
al., as outlined in Sect. 18.2.3 [59]. In a related study, Portieri et al. investigated
the hydration process of matrix tablets made from hydroxypropyl methylcellulose
(HPMC) [112]. HPMC is a soluble polymer that is commonly used in the production
of sustained release tablets. Once in contact with the dissolution medium the polymer
swells and a layer of hydrogel is formed as a result of polymer hydration and chain
relaxation. This layer then acts as a diffusion barrier for the subsequent release of
drug molecules that are embedded in the polymer matrix. HPMC matrix tablets have
become the model system to study this type of drug delivery system with a large
range of experimental data as well as theoretical models published on this system
[113, 114]. As shown in Fig. 18.25, initial experiments show that the shape and
integrity of the gel layer formed after adding a 10 ul water drop onto an HPMC
tablet can be mapped out using TPI. This information complements the results from
other techniques such as magnetic resonance imaging [115] or infrared imaging
[114].
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Fig. 18.25 Cross-sectional refractive index maps at various depths of 30 um interval (right) and
at x = 0 mm (bottom-left). Two distinct regions are clearly visible: a high-density shell (gel layer)
at sample surface; and a low-density porous region (water channels) below the surface. The white
dotted line in the figure (right) is where x = Omm, and the red dotted lines in the figure inset
(top-left) represent various depths where cross-section maps were sliced
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18.3.5.4 Dissolution Performance Prediction

The current regulatory framework in the pharmaceutical industry requires that a
dissolution test of a small number of tablets (n < 20) is required by law to determine
whether or not the quality of the entire batch (n > 10°) is achieved and hence whether
the product can be released to the market. A dissolution test works by exposing a
tablet to a known quantity of dissolution medium (in the most simple case this is
water) and by measuring how much drug is released from the tablet over time. This
is done by taking samples of the liquid at regular intervals and subsequent analysis
either by UV spectroscopy or liquid chromatography. This process, which can take
up to 2 days for sustained release tablets, is very labour intensive and costly and has
little statistical significance on the quality of the batch given the small sample size
of tablets that are tested.

In a feasibility study, Spencer et al. demonstrated that the mean dissolution time
(MDT) obtained using the standard dissolution test correlates with the coating thick-
ness as measured by TPI [116]. In this study enteric coated tablets were investigated.
This type of coating protects the drug molecules within the tablet from the acidic
environment in the stomach, which is important for drug molecules that are unstable
in such conditions or that would otherwise cause local irritations of the stomach.
The coating is designed to remain intact at low pH and to dissolve quickly upon
increasing the pH. It is not surprising that the correlation that was found by Spencer
et al. was not very strong given that the coating thickness has no direct influence on
the release rate as long as it remains intact at low pH. However, what is much more
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important is that TPI was found to be a very powerful tool to ensure that no holes
were present in the coating and that no drug is released at low pH, which is the main
quality control concern in enteric coatings.

Following up from this study, Ho et al. investigated the potential of using terahertz
data to predict the dissolution performance of coated sustained-release tablets where
the thickness of the coating is expected to directly affect the drug release [97]. The
correlation between coating thickness and MDT was very clear and much stronger
than in the study by Spencer et al. In addition, the authors highlighted that changes
in coating density, for instance as a result from scale-up, are also a good indicator
for the dissolution performance of the coated tablet. In a further study by Ho et
al., the whole terahertz waveforms, rather than the coating thickness and coating
density alone, were used to predict the tablet dissolution performance [117]. Using
a two-component PLS model, it was possible to predict the MDT for each tablet
non-destructively. Such a multivariate method is particularly useful to predict the
dissolution performance of tablets with very thin coatings, as currently the coating
thickness below 30—40 pm cannot be determined by TPI.

Ho et al. also evaluated the applicability of TPI for the understanding of the
process scale-up [102]. For this study a total of 190 sustained-release tablets that were
sampled during the scale-up operation of a film coating process from the lab to the
pilot scale were analysed by TPI and dissolution testing. Although the same mass
of polymer was applied to all tablets the drug release from the tablets manufactured
at pilot scale was significantly slower compared to the lab scale. The TPI results
clearly revealed differences in coating thickness and density that explained these
differences.

In a related study, the film coating thickness, drug layer uniformity and the effect
of curing on the drug release from sustained-release coated pellets were investigated
[118]. Pellets are spherical particles that are much smaller than tablets. They are
typically used to fill capsules. Significant differences in film coating thickness, sur-
face roughness and drug layer uniformity were found. No correlation between coating
thickness and drug release was found. This was due to the fact that the solubility of
the drug in the pellet core was very low and hence the release rate was limited by
the drug solubility rather than the diffusion rate through the coating. The pellets
used in this study (5mm) were much larger in diameter compared to the dimen-
sions of the pellets typically used in the industry (<1 mm). The large diameter was
chosen to allow measurements using the TPI system. Future experiments will have
to show whether smaller particles can be reliably measured using terahertz imaging
and whether such measurements are practical and quantitative.

All the studies show that TPI has an excellent sensitivity with which to assess the
coating quality of pharmaceutical tablets. A clear correlation of the TPI results to
dissolution performance was found. The speed and ease of TPI mapping may make
it an attractive non-destructive alternative for dissolution testing both in product
development and with the potential to play a significant role to improve the product
safety by increasing the number of tablets that are tested to a statistically meaningful
level in the quality control of the end product. However, it was highlighted that
TPI can only predict the dissolution behaviour if the coating is the rate determining



18 Industrial Applications of Terahertz Imaging 483

factor of the drug delivery system and that other parameters need also to be taken
into account.

18.3.5.5 Chemical Mapping

Given the sensitivity of terahertz radiation to the intermolecular interactions in typi-
cal drug molecules as outlined in Chap. 8, chemical mapping is an exciting extension
of the structural imaging outlined before for the characterisation of complex hetero-
geneous samples. The basis of chemical mapping is the acquisition of a 3D data set
where two axes describe vertical and horizontal spatial dimensions and the third axis
represents the spectral frequency dimension. As previously discussed, the electric
field of terahertz radiation is recorded as a function of time in a TPI measurement.
The spectral information of this signal can be obtained by Fourier transformation.
The absorption coefficient, «(v), and the refractive index, n(v), are then calculated
for each pixel as [79]:

.a(w)e 1 —=S8(@Ww)/R(v)
MO T T s()/RW) (18.13)

where S(v) and R (v) are the Fourier transforms of the measured terahertz waveforms
reflected from a sample and a reference mirror. The absorption spectra «(v) provide
means for chemical mapping of pharmaceutical solid dosage forms [34, 119]. Note
that a transmission configuration, rather than the reflection geometry as discussed in
this section, can also be used for chemical sensing and imaging [19, 120].

In the near-infrared and mid-infrared range, FTIR and Raman spectroscopy have
been successfully developed for chemical mapping [121-123]. However, many phar-
maceutical tablet coatings are opaque to infrared radiation, owing to either strong
absorption or scattering. Therefore, conventional infrared techniques are most suit-
able for mapping out the surface distributions of chemicals as a 2D chemical map-
ping technique. In addition, near-infrared and mid-infrared imaging technology
sometimes struggles to discriminate between pharmaceutical polymorphs as such
polymorphs often only differ by subtle shifts in their respective vibrational spectra.
Terahertz radiation, on the other hand, can penetrate much deeper into a tablet. At
the same time it is very sensitive to subtle changes in crystal structure [124—126].
Therefore, in principle, TPI provides the necessary penetration depth and spectral
specificity for non-destructive chemical mapping in a 3D matrix.

Using a model tablet sample that contained well-confined domains of lactose
and tartaric acid, Shen et al. demonstrated how the spectral signature of the mate-
rials could indeed be extracted non-destructively at depth [35]. A time-partitioned
Fourier transform of the reflected terahertz waveform with a fixed window width was
employed to produce depth-resolved spectral components of the pulse [35, 79]. There
are many potential applications for this technique in the context of pharmaceutical
dosage forms such as investigating the spatial distribution of different polymorphic
forms in a dosage form. Changes in the crystal structure of the drug can be induced
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during manufacture of the dosage form by compaction or coating or by moisture
uptake during storage of a tablet [8]. However, it is important to mention that the
model tablet used [35, 79] was made of polyethylene, which is almost transparent
to terahertz radiation. For a realistic pharmaceutical tablet, the spectral resolution at
depth will be influenced strongly by scattering and refraction caused by the tablet
matrix. Further work will be necessary to develop a robust method to routinely
perform 3D chemical mapping experiments. In addition, most commercial TPI sys-
tems provide a lateral resolution of around 200 pwm and better resolution is necessary
in order to resolve small polymorph/hydrate particles within pharmaceutical dosage
forms.

18.3.5.6 Summary of Pharmaceutical Applications

Over the past five years, terahertz technology was developed into a new tool for
the physical characterisation of solid dosage forms in the pharmaceutical industry.
Located in the far-infrared region of the electromagnetic spectrum, terahertz spectra
directly probe intermolecular vibrations such as phonon lattice modes of crystalline
solids. This gives terahertz spectroscopy a high sensitivity for the rapid discrimi-
nation and quantification of polymorphs, hydrates, cocrystals and other solid-state
modifications of drug molecules as well as for the analysis of solid form transfor-
mation dynamics [33, 124, 127-130]. On the other hand, terahertz radiation can
penetrate deep into pharmaceutical tablets as most common pharmaceutical excip-
ients are amorphous and semi-transparent to terahertz radiation. As summarised in
this section, this can be exploited in TPI as a powerful tool for the non-destructive
and quantitative characterisation of coatings on tablets.

18.4 Outlook

A number of properties make terahertz radiation very attractive for industrial applica-
tions: it can penetrate deep into a wide range of technical materials such as polymers,
ceramics and semiconductors. The low photon energy gives terahertz radiation an
inherent safety advantage compared to X-ray techniques, and, compared to other
well-established NDT such as ultrasonics, terahertz radiation has higher resolution
to offer while completely avoiding coupling problems from free space given the
low refractive index mismatch. At the same time the measurements reveal a wealth
of information on the microstructure of the materials probed, including the internal
structure, defects, density gradients, moisture content and intermolecular interaction.

However, to live up to this enormous potential, there are a number of challenges
that terahertz sensors have to master. First and foremost the technology has to become
faster, more stable and more affordable, which requires new approaches to many
details of the terahertz system architecture. The current laser stability, the overall
instrument reliability, together with the requirement of regular service visits in order
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to maintain the instrument performance, are huge obstacles that need to be addressed.
In addition, it would be desirable to extend the spectral range of the current instru-
ments from 100cm™! to, for example 300 cm~!. This would allow the terahertz
spectrum to cover both the intermolecular and some of the intramolecular vibra-
tion modes, thus providing better spectral specificity for a larger range of materials.
The broader spectral range would also help to characterise thinner layer structures
with higher spatial resolution. On the signal processing side there are still a num-
ber of open questions, such as how to best account for scattering losses from sharp
edges in terahertz images as well as how best to reconstruct volumetric tomographic
data sets while taking refraction into account quantitativey. Moreover, advances in
both software and hardware have to be made to make this technology accessible in
non-specialist communities.

In this chapter we have highlighted arange of what we believe to be very promising
applications, ranging from industrial sensors for in-line control of a production line
in polymer composite processing to fault detection in semiconductors and tablet
inspection in the pharmaceutical industry amongst others. Terahertz technology has
the potential to play a significant role in all these areas.

Acknowledgments The authors would like to thank Ms. Bee Yin Yeo for her help in putting
together Sect. 18.3.3 of this chapter.
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