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Abstract

Terahertz (THz) imaging is the newest among non-invasive sensing
technologies and currently a huge attention is pointed towards its use in
several applications. The motivations behind the interest in THz imag-
ing systems can be found in the advantages offered by this technology,
including high spatial resolution, use of non-ionizing radiation, and ability
to penetrate non-conductive materials like glass, plastic, and cardboard.
However, THz potential is still at its early stage and far to be completely
assessed and a lot of work remains to be done towards the final industrial
implementation and competitiveness of THz technologies.

This thesis aims at the exploration of the potential of THz imaging in the
field of food and biomedical industries performing controlled experiments
and developing processing techniques to enhance THz capabilities in non
destructive inspection (NDI) and material characterization.

Regarding the first research activity, it is known that the detection of
foreign body contamination, packaging failures, and items with poor char-
acteristics is a significant concern in the food industry. In this respect,
THz systems offer a promising solution due to their non-invasive ability
to detect surface defects and foreign bodies contaminations. The thesis
aims to perform controlled experiments in order to show the effectiveness
of THz technologies in detecting and imaging the presence of contaminants
on the surface or a few millimeters deep inside food products. This could
open up various possibilities for industrial applications.

The second research activity focuses on the use of THz imaging for the
characterization of magnetic scaffolds (MagS), which are used in various
biomedical applications. Due to the wide use of MagS in several medical
treatments, there is an increasing demand of advanced techniques for their
non-destructive quality assessment procedures in order to verify the ab-

sence of defects and the distribution of the magnetic nanoparticles (MNPs)



II

contained in the MagS. In fact, the manufacturing process is often associ-
ated with a non uniform final spatial distribution of MNPs loading in the
biomaterial, which could compromise the therapeutic efficacy of MagS.
This thesis proposes a new approach for MagS characterization using THz
imaging, a topic not investigated by the scientific community previously.
The proposed approach allows for a quantitative characterization of MagS
in terms of their estimated thickness and refractive index. Additionally,
it enables to identify the areas of the scaffold wherein MNPs are mainly
concentrated and thus, it gives us information about MNPs spatial distri-

bution.

Keywords: THz Imaging, Non-destructive inspection, Food quality, Mag-
netic Scaffold.




Sintesi in lingua italiana

L’imaging ai Terahertz rappresenta una delle piu recenti tecnologie di
rilevamento non invasivo ed attualmente é rivolta grande attenzione al suo
utilizzo in diverse applicazioni. Le motivazioni alla base dell’uso dei sistemi
di imaging ai THz possono essere trovate nei numerosi vantaggi offerti da
questa tecnologia, tra cui ’elevata risoluzione spaziale, I'uso di radiazioni
non ionizzanti e la capacita di penetrare materiali non conduttivi come
vetro, plastica e cartone. Tuttavia, la comunita scientifica ¢ ancora lon-
tana da una valutazione completa delle potenzialita della tecnologia THz e
¢’é ancora molto lavoro da fare affinché possa essere inserita in un contesto
industriale e risultare competitiva rispetto alle tecnologie gia esistenti.
Questa tesi ha 'obiettivo di esplorare le potenzialita’ dell’imaging ai THz
nel campo delle industrie alimentari e biomedicali eseguendo esperimenti
controllati e sviluppando tecniche di elaborazione dati per migliorare le
capacitd dei THz nell'ispezione non distruttiva (NDI) e nella caratteriz-
zazione dei materiali.

Per quanto riguarda la prima attivita di ricerca che coinvolge 'industria
alimentare, & noto che il rilevamento di contaminazioni da corpi estranei,
difetti di imballaggio e di articoli con caratteristiche scadenti rappresenti
una preoccupazione significativa per i produttori. A tal proposito, i sistemi
al THz rappresentano una valida alternativa alle tecnologie gid esistenti,
grazie alla loro capacita di rilevare la presenza di contaminazioni super-
ficiali e di corpi estranei in modo non invasivo. La tesi indaga l'efficacia
della tecnologia THz nel rilevare e visualizzare i contaminanti situati sulla
superficie o a pochi millimetri di profondita all’interno dei prodotti alimen-
tari, aprendo possibilita per future applicazioni industriali.

La seconda attivita’ di ricerca € stata focalizzata sull’utilizzo dell’imaging
ai THz per la caratterizzazione di scaffold magnetici (MagS) impiegati in

varie applicazioni biomedicali. Il loro ampio utilizzo in diversi trattamenti



terapeutici, ha comportato una richiesta crescente di tecniche avanzate
che consentissero di valutarne la qualita attraverso indagini di tipo non
invasivo volte a verificare ’assenza di difetti e, piti in generale, dedicate
alla loro caratterizzazione. Infatti, uno dei problemi che possono presen-
tarsi durante il processo di produzione € che le nanoparticelle magnetiche
(MNPs) si distribuiscano in modo non uniforme nella matrice polimerica
che li contiene, compromettendo 'efficacia terapeutica dei MagS. In questa
tesi viene proposto un nuovo approccio per la caratterizzazione dei MagS
utilizzando I'imaging ai THz, il che rappresenta una sfida che non & an-
cora stata affrontata dalla comunita’ scientifica. L’approccio presentato
ha permesso di effettuare una caratterizzazione quantitativa dei MagS, in
termini di spessore (stimato) e indice di rifrazione. Inoltre, la procedura
proposta ha consentito di identificare le aree dello scaffold in cui sono
maggiormente concentrate le MNPs e quindi di fornire informazioni sulla
loro distribuzione spaziale. Tale argomento non ¢ stato precedentemente

oggetto di ricerche scientifiche.

Parole chiave: Imaging ai THz, Indagini Non Invasive, Qualita del
cibo, Scaffold Magnetici.
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Chapter

Introduction

The terahertz (THz) region covers the range of electromagnetic spec-
trum between 0.1 to 10 THz and lies in the gap between microwaves and
infrared as shown in Fig. 1.1. THz waves can penetrate numerous non-
metallic materials that may be opaque in the range of visible and infrared
light. In fact, one of the most valuable properties of terahertz radiation is
its ability to pass through a wide range of substances, thus making it pos-
sible to ‘see’ through many materials such as paper and cardboard, fabrics,
plastics, wood, silicon and so on. Moreover, as non-ionizing radiation, THz
waves present minimal known health risks [2]|. It is essential to also note
the existence of chemically specific absorption spectra in the THz range,
reflecting molecular transitions and inter-molecular bonds, especially in
crystalline organic substances. THz spectroscopy can qualitatively and
quantitatively characterize the chemical composition of mixtures contain-
ing a wide range of substances [3|. These paired properties penetration
and chemical specificity make up the unique feature of THz radiation, not
to be found in any other part of the electromagnetic spectrum.

However, the potential and suitability of the THz technology for practi-
cal applications such as non-destructive inspections (NDI) and material
characterization, have been limited for many years due to the technical
difficulty of producing efficient sources and detectors [4]. The origins of
THz science and technology, as we know it today, can be traced back to
the late 60s and 70s with the study of the response of materials to the
excitation of newly developed ultrafast pulsed lasers at time scales in the
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range of the picosecond [5]. Such pioneering studies demonstrated the pos-
sibility of using semiconductors and electro-optical (EO) crystals such as
LiTaOs, LiNbO3, and ZnTe as THz emitters [6, 7|. Research continued
in the 80s with improved performance of lasers systems and fabrication
of better photoconductive antennas (PCA) for emission and detection of
THz waves [8, 9]. The 90s saw the development of better generation and
detection techniques based on EO materials [10, 11], the definition of a
standard layout for the THz time-domain spectrometer, and the publica-
tion of the first papers showing the potential of THz technology as a tool
for spectroscopy and imaging [12, 13| applications. Since the late 90s and
during the 2000s, THz science has experienced a push from its birthplace
in research labs out to commercialization. Among the prominent play-
ers involved in the THz technology market, companies, such as Advantest
Corp [14], TeraView [15], EMCORE Corp [16], and Terasense Group [17],
among others, are focusing on organic as well as inorganic strategies to
strengthen their position in the THz technology market.

This evolution, has enabled the introduction of the THz technology to
the NDI and material characterization fields, quickly highlighting the ad-
vantages of the THz technology for the evaluation and characterization of
advanced materials and complex structures.

For these reasons, THz technology are currently exploited in various ap-
plications, including medical diagnosis [18], pharmaceutical analysis [19],
security enhancement [20], artwork [21], aerospace industry [22] and com-
munication [23].

Despite this significant applications, the transition from laboratory to non-
laboratory environments is less certain and smooth as one may wish due
to the gap between the capabilities of a technology and specific critical
requirements of particular applications.

Within the above described framework, this thesis deals with THz imaging
for non-destructive evaluation and in particular with food quality control
and characterization of advanced materials for biomedical applications.

1.1 THz Imaging for Food Quality Control

In the food industry, foreign body contamination, packaging failures,
or items with poor characteristics (for example, texture and appearance)




1.1. THz ImaciNg FOR Foop QuaLiTy CONTROL

wavelength: 3em  3mm  200pm  30wm  3ym

microwave infrared  visible

frequency: 10GHz 100GHz 1THz 10THz 100THz

Figure 1.1. The terahertz region of the spectrum lies between microwaves
and infrared, and is characterized by a free-space wavelength between 3 mm
to 30 pm.

are among the main sources of customers’ complaints against manufactur-
ers, resulting in loss of brand loyalty and large recall expenses. To cope
with these issues, technologies such as metal detectors (MDs) [24], X-ray
imaging (XRI) [25, 26, 27|, near-infrared imaging (NIR) [28| and fluores-
cence imaging [29], have been adopted for monitoring food quality and
safety. However, the occurrence of incidents remains significant as each
of these technologies have some limitations. For instance, MDs can only
detect metallic objects. Whereas, X-rays systems, which are increasingly
used in the food production industry for quality control inspection, pro-
vide high resolution images but have difficulties in detecting low density
objects such as plastic, glass, wood or insects. Furthermore, the use of
ionizing radiation is always related to risks involving both operators and
the food itself that could be altered. On the other hand, infrared (IR)
technologies have the advantage of being fast and safe but they are limited
by a poor penetration capability and strong absorption in water. Instead,
fluorescence imaging is effective only when objects with fluorescent com-
pounds are investigated. For these reasons, none of these technologies can
address all the requirements of the food industry. There is an interest in
developing novel technologies that can complement the ones already used
along food packaging lines. Among possible candidates, electromagnetic
(EM) sensing technologies represent an attractive, cost-effective option. In
fact, the most important characteristics of food products that affect their
quality (for example, water content and the presence of contaminants) also
have a direct influence on their EM properties and can be thus detected by
EM devices. However, besides specific technological challenges, when only
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a limited portion of the EM spectrum is considered, the overall require-
ments of agri-food quality control cannot be met. As a matter of fact, at
“low” frequencies (e.g., working at microwaves, between few hundreds of
MHz and tens of GHz) there are limitations in terms of spatial resolution,
whereas higher frequencies (e.g., THz) can detect the presence of contam-
inants only few mm deep inside the object.

Regarding THz radiations, on which the thesis is focused, recent advance-
ments in the development of compact, cost-effective and effective THz
systems motivated a significant interest in exploiting THz waves as a non-
destructive and safe inspection tool in several application contexts, among
which agro-food industry. THz waves have been successfully used to detect
both high-density (aluminum and granite pieces) and low-density (mag-
gots and crickets) foreign bodies in different foods [30]. Moreover, THz
spectroscopy combined with chemometric methods has allowed to deter-
mine antibiotics and harmful residues, to discriminate genetically modi-
fied organisms, and detect adulterations [31]. In addition, reduced-cost
THz prototypes capable of fast scanning have been recently proposed from
TeraSense and their effectiveness has been shown for dry food inspection
[17]. Despite these significant examples, THz potential in food inspection
is still at its early stage and far to be completely assessed. For instance,
being THz waves strongly attenuated by water, their use for inspecting
'wet’” food (like creams) is so far limited and still represents an open issue.
In this framework, this thesis aims to perform controlled experiments
and to develop processing techniques to enhance THz capabilities in non-
destructive inspection of chocolate cream samples. The goal is to detect
contaminants whose size is as small as few millimeters, located either above
the food surface, underneath the packaging or inside the food.

1.2 THz Imaging of Magnetic Scaffolds

Magnetic polymer-based scaffolds raised a huge interest due to their
wide use in several medical applications such as cancer therapy [32], tis-
sue engineering [33] and drug delivery [34]. A magnetic scaffold (MagS)
can be obtained by physical loading of magnetic nanoparticles (MNPs)
into a polymeric matrix to obtain a multifunctional and theranostic device
[35, 36, 37]. However the production process of the MagS is often associ-
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ated to a non uniform final spatial distribution of MNPs in the polymeric
matrix [38], so that recent and intense progresses on the manufacturing
strategies are ongoing. The potential of MagS and the need to control the
quality of their productive process motivate the development of procedures
for routine and reproducible non destructive characterization of MNP dis-
tribution in the polymeric matrix.

Currently, several methods are exploited to analyze MagS such as Micro-
Computed Tomography (MicroCTs) [39, 40], Scanning Electron Micro-
scope (SEM) [41, 42, 43|, and Transmission Electron Microscopy (TEM)
[41, 44, 45] and each one of them has its advantages and drawbacks.

MicroCT uses X-rays to capture the image and, hence, shape and size
of the polymer and nanocomposite fibers [39, 40]. The images obtained
through the Micro-CT system scan allows for the 3D reconstruction of
the nanocomposite fibers and, hence, the distribution of MNPs along the
fibers [39]. X-rays system, provide high resolution images but have the
disadvantage of using ionizing radiations, always related to risks involving
the operator, as well as the material itself that could be damaged [46].

SEM uses a focused beam of high-energy electrons to generate a vari-
ety of signals at the surface of solid specimens. The signals derived from
electron-sample interactions reveal information about the sample includ-
ing surface morphology (texture). The shape and the porosity of magnetic
scaffolds were observed by SEM images in several works available in liter-
ature [41, 42, 43, 47]. However, SEMs are expensive and must be housed
in an area free of any possible electric, magnetic or vibration interference.
Also, to investigate the sample in depth, slicing and destructive prepara-
tion are needed [48].

TEM is a microscopy technique in which a beam of electrons is trans-
mitted through the sample under test to form an image. The image is
derived from the interaction of the electrons with the sample as the beam
is transmitted through it. TEMs provide topographical, morphological,
compositional and crystalline information. The images allow researchers
to view samples at a molecular level, making it possible to analyze struc-
ture and texture [49]. This type of technique has been used to explore
the morphology of the MNPs distributed along the fibers of the scaffolds
[41, 44, 45]. However, to obtain a TEM image, samples must be sliced thin
enough for electrons to pass through (i.e., usually the specimens has an
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ultrathin section less than 100 nm). Therefore, non destructive evaluation
is not possible. Moreover, the specimens must be prepared as a thin foil,
or etched to be thin enough for the beam to penetrate. Constraints make
the sample preparation laborious. Furthermore, other disadvantages are
that TEM systems are large and very expensive and their operation and
analysis requires special training [48].

Thanks to its unique properties, THz imaging may represent a poten-
tial candidate for MagS non destructive characterization. Although, THz
technology has been exploited for the detection of damages such as non-
impregnated areas in polymer composite materials [50, 2, 51], and for the
evaluation of the porosity of the polymeric matrix [52], its application to
MagS is a new challenge that has not yet been thoroughly investigated by
the scientific community. The proposed approach allows for a quantitative
characterization of MagS in terms of their estimated thickness and refrac-
tive index. Additionally, it enables to identify the areas of the scaffold
wherein MNPs are mainly concentrated and thus, it gives us information
about MNPs spatial distribution.

1.3 Scope of the study

The objective of this thesis is to explore the potentials and enhance
the capabilities of THz imaging for the NDI and material characterization
in the field of food and biomedical industries. The thesis investigates the
effectiveness of THz technologies in detecting and imaging contaminants
and packaging failures of food products by mean of two THz time domain
systems whose results are compared and discussed. The studies carried out
allowed the publication of some research products: a chapter of an inter-
national book [53], two contributions to international conferences [54, 55|
and two contributions to national conferences [56, 57|.

Additionally, the thesis proposes a new approach for MagS characteriza-
tion based on THz imaging, a topic not yet investigated by the scientific
community. A quantitative characterization of MagS is provided in terms
of their estimated thickness and refractive index. Furthermore, the method
presented enables to identify the spatial distribution of the MNPs in the
polymeric matrix that contain them. This methodology is designed to be
an innovative and practical solution for the biomedical industry, and is pro-
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posed as an alternative to existing techniques, offering a non-destructive
inspection option. The results obtained allowed the publication of two ar-
ticles on international journals [58, 59| and two contributions to national
conferences 60, 61].

The manuscript is structured as follows.

Chapter 1 introduces the background of this thesis. The basic knowledge
of THz radiation and the state-of-art of the development and applications
of THz imaging is briefly introduced. Then the discussion is focused on the
two-research topic which are the objects of this thesis and the motivations,
and the research problems addressed are described.

Chapter 2 provides a brief overview of the main THz technologies and
presents the measurement systems, THz FiCO and THz TERA systems,
utilized in this work. Then THz imaging modalities are described and the
data processing procedures applied to the raw data collected by means of
the THz systems are presented.

Chapter 3 is devoted to provide a feasibility study of the potential ap-
plications of THz systems in food monitoring control, highlighting their
efficacy and potential benefits. In this chapter, several case studies re-
ferred to cream chocolate samples are presented and discussed.

Chapter 4 focuses on developing advanced THz imaging techniques for
the qualitative characterization of poly(e - capprolactone) (PCL) scaffolds
loaded with magnetic nanoparticles that are used in various biomedical
applications.

Conclusions and future perspectives follow in chapter 5.







Chapter

THz systems and Imaging

2.1 THz systems

2.1.1 A general overview of the technologies

The technology of generating and detecting THz radiation has been
constantly evolving in recent decades. A number of approaches have been
developed to fill the terahertz gap. Generally, systems for THz imaging
can be divided into two main categories based on their operative principle:
pulsed and continuous wave systems [62].

Pulsed or time-domain systems (TDS) are based on the generation and
detection of an electromagnetic transient (or pulse) that has a duration
of few picoseconds. Typical bandwidth ranges from 0.1 to 6 THz for the
new generation systems [63]. THz TDS are composed of four principal
component: primary source, which is an ultrafast pulsed laser emitting
sub 100 fs pulses, THz emitter, THz detector and a time delay stage.
There are two main technologies to generate and detect THz pulses: pho-
toconductive antennas (PCAs) and electro-optic crystal (EOC). Usually
one emitter and one detector are used, even if technologies based on the
use of detectors arrays are available [64]. A schematic of the typical setup
for generation/detection of THz pulsed systems is shown in Fig. 2.1. The
ultrafast laser beam is split into two parts, one is referred to as the pump
beam and the other one is referred to as the probe beam. The pump and
probe pulses are derived from the same optical beam and, therefore, have
the same pulse duration, which typically has a range between 20 to 120
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Figure 2.1. Typical pulsed THz imaging system.
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Figure 2.2. THz Setup. (a) Reflection mode. (b) Transmission mode.

fs. The energy of the pump beam is much larger than the energy of the
probe beam because the pump beam is used to generate THz pulse. In
the most basic configuration, the pump beam generates an electromagnetic
transient, through the excitation of a semiconductor or electro-optical ma-
terial. This electromagnetic transient is the THz pulse. The duration of the
THz pulse is in the range of few ps, which is larger than that of the pump
beam. The probe beam is used to detect the THz pulse through the inverse
process for the THz generation. The detection of the THz pulse provides
the waveform, which is the amplitude of the electric field of the THz pulse
as a function of the timing difference between probe and pump beams.

The timing difference between pump and probe beams is controlled, thus
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the response of the sample to the pump beam as a function of time can be
measured very precisely. The most common way to control the timing dif-
ference is by using a mechanical delay line in the pump beam. A time delay
changes the path length of the beam and, thus, changes the relative timing
between the pump and probe pulses. However, more recent technologies
have replaced the mechanical delay line with the ASOPS (Asynchronous
Optical Sampling) technique which uses a combination of ultrafast lasers
and electro-optic modulators to generate a sequence of optical pulses with
precisely controlled time delays [65]. By using the principles of optical
interference and superposition, these pulses can be combined to create a
time-delayed THz waveform without the need for a mechanical delay line.
The setup for generation/detection of THz in Fig. 2.1 refers to a THz
system working in transmission mode, but the systems can also work in
reflection mode as shown in Fig. 2.2 where the two set ups are compared.
Continuous wave (CW) systems operate at a single frequency, which de-
pends on the type of THz emitter, and emission is continuous or modulated
[62]. The technology behind continuous-wave (CW) THz emitters and sen-
sors involving many different types of technical schemes unlike the methods
of broadband THz radiation, mainly relying on ultrafast optical technology.
One common way to generate THz emission is by up scaling a fundamental
frequency via frequency multiplication. Frequency-multiplied CW systems
operate in the lower frequency range of the THz band with maximum fre-
quencies around 0.8 THz (800 GHz). However, systems such as Quantum
Cascade Laser (QCL) and Backward-Wave Oscillators (BWO) are capable
of emitting at frequencies as high as 5 THz [66, 67]. Another method to
generate CW coherent THz radiation is by photo-mixing which is a widely
used technique for THz generation due to its simplicity and versatility. In
photo-mixing, two lasers with slightly different frequencies are overlapped
on a fast semiconductor such as LT-GaAs, which is the photo-mixing media
that generates a THz wave with a frequency equal to the difference of the
laser frequencies [68]. Changing the laser frequencies will change the dif-
ference and, thus, change the frequency of the THz wave. This mechanism
allows photo-mixing to sweep a broad range of frequencies. Commonly
used CW detectors are thermal ones such as bolometers, Golay cells, and
pyroelectric devices [69, 70|. The typical setup for generation/detection
of CW THz radiation is conceptually similar to ones discussed in Fig. 2.1
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referred to THz TDS; the CW THz radiation is guided in the same manner
as for pulse systems, the difference being in the generation of THz radia-
tion, as discussed above.

However, TD and CW THz systems have many differences. TD systems
are more complex, expensive and heavy than CW one but they work in a
wide band [63]. Moreover, TD systems gather the signal as a function of
the time and, thus, allow to reconstruct more information about the inves-
tigated samples, provided that appropriate data processing procedures are
applied. In addiction, pulsed THz systems allow high temporal resolution,
which is crucial for imaging application that necessitate the detection of
various layers within a sample. Conversely, CW systems are narrow-band
and have a limited tunability but provide high spectral resolution (~100
MHz). Furthermore, they typically are capable of generating higher out-
put powers (> 10mW) than pulsed sources (~uW). Furthermore, a THz
continuous wave system provides a continuous THz signal, which is useful
for applications that require a high signal-to-noise ratio, such as the mea-
surement of highly absorbing materials [62]. The continuous THz signal
can be integrated over time to provide a stronger signal, making it possi-
ble to obtain accurate measurements even in the presence of high levels of
noise.

Therefore, both THz pulsed system and CW ones possess their own ad-
vantages so the appropriate technologies should be chosen according to the
specific requirements of the measurement application.

2.1.2 Measurements systems
THz FiCo System

The FiCO is a fiber coupled Terahertz Time Domain System (TDS)
that generates and detects broadband THz pulses, with full waveform sam-
pling rates up to 500 Hz in both transmission and reflection geometries.
The system (Fig. 2.3) is made up of three main components: (a) the laser
source, (b) the base unit, and (c) fiber optic coupled transmitting and re-
ceiving probes reconfigurable in transmission and normal reflection mode.
The laser source and the base unit are mounted on a movable optical ta-
ble, optically connected each other and covered by means of an aluminum
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Figure 2.3. Zomega Fico system: (a) global view; (b) primary laser source
and optical delay line; (c¢) purge chamber; (d) imaging module.

box (see Fig. 2.3a-b). The box protects the optical alignment and ensures
operator safety with respect to the laser ray. Since the transmitter and
receiver are independent and fiber coupled with the base unit, the system
can be easily reconfigured to work in transmission and normal reflection
measurement configurations.

The FiCO THz-TDS system uses an external free-space or fiber-coupled
1.5 pm pulsed laser with average power > 200mW, < 100fs, rep rate in
the MHz as a pump source that is split into a pump and probe beam used
for THz waves generation and detection. A large aperture photoconductive
antenna is used to generate THz waves and an electro-optic (EO) crystal
is used to detect the THz waves (electro-optic sampling).

The system collects signals into a 100 ps observation time window, which
can be moved along a time scan range of 1 ns according to the path length
between transmitter and receiver. The waveform acquisition speed can be
up to 500 Hz, and the maximum dynamic range (DNR) is 30 dB, while
the typical DNR is 20 dB.
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The FiCO system is equipped with an ad hoc designed imaging module,
which allows an automatic planar scan (see Fig. 2.3d). This module con-
strains to perform measurements in normal reflection mode. The FiCO
system is equipped by an automatic positioning system enabling to scan
a 150 mmx 150 mm area with physical resolution, i.e., smallest step size,
of 120 pm and with a purge chamber, which is suitable to perform spec-
troscopy while avoiding the effect of water vapor absorption in ambient
air. Whatever is the setup, once the object under test has been positioned
at a focal distance from the emitter and the receiver, a time-dependent
THz waveform is collected and its frequency spectrum is automatically
computed. It is worth noting that, when the imaging module is used in
reflection mode, at each measurement point, the time-domain-gathered
reference signal, i.e., the signal reflected by a mirror, looks like the black
waveform shown in Fig. 2.4a, while the gray waveform represents the envi-
ronment noise measured by turning off the emitter. The frequency spectra
of these waveforms are given in Fig. 2.4b. Figure 2.4a shows that the
waveform accounting for the mirror reflection is characterized by a main
pulse, whose peak arises at 45 ps, and a secondary pulse whose peak is
at 90 ps, ariasing from Etalon effect [71]. Accordingly, to avoid replicas
affecting the time-of-flight imaging result, an observation time window,
which is about 50 ps wide and containing only the main reflected pulse,
must be considered. As a consequence, the maximum depth that can be
investigated is dyae < 50-10712. v /2. This means that in the most favor-
able cases (¢ ~ v) dpae 18 about 7 mm. Furthermore, Fig. 2.4b assesses
that, despite the nominal spectrum of the gathered waveform is from 0 to
4 THz, the spectrum portion involving frequencies higher than 1.7 THz is
too noisy to be considered when reflection measurements are performed.
Moreover, the FiCO system is equipped with a tool which allows to set the
scanning parameters (i.e., the step size, the scan area) and provides open
access data, which can be visualized and processed after the measurement
stage.

THz TERA System

The TERA System [72] developed by MenloSystems is composed of
both hardware and software components. In regards to the hardware com-
ponent, the TERA system, as shown in Figure 2.5, includes the following
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Figure 2.4. Reference signal and noise referred to FiCO system; (a) time-
domain waveforms (b) THz power of the spectra in dB scale

o

main components: (a) the TeraOSE module, (b) the imaging stages, and
(c) fiber optic coupled transmitting and receiving probes. The TeraOSE
module (see Fig. 2.5a) is based on the asynchronous optical sampling tech-
nique (ASOPS). This technique allows for high-speed scanning over some
nanoseconds of time delay without a mechanical delay line [73], pushing the
spectral resolution into the region of hundreds of MHz [74]|. TeraOSE, as
shown in Figure 2.5a, includes two pulsed femtosecond lasers where one ul-
trafast laser delivers the pump pulse for the emitter antenna, and the other
laser delivers the probe pulse for the detector antenna. TeraOSE lasers op-
erate at a locked repetition rate with a tunable difference, providing the
optical pulses for THz emission and detection. The laser pulses are deliv-
ered via optical fiber to the THz antenna modules and high-transmission
low-loss polymer optics ensure alignment and stability of the THz path. In
Fig. 2.5¢ are shown the fiber-coupled photoconductive antennas which are
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Figure 2.5. TERA System developed by Menlo System; (a) TeraOSE Mod-
ule; (b) Main Component; (c) Imaging stages, antennas and THz Reflection
Head.

Figure 2.6. Transmission module of TERA System. Tx and Rx indicate
emitter and detector; m1-m4 are the mirrors; p is a pin hole in the focal spot
used as alignment help.
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Figure 2.7. Reference signal and noise referred to TERA system; (a) time-
domain waveforms; (b) FFT Amplitude.

inserted in a compact THz reflection head with integrated optics for high-
performance measurements. The reflection head and PCA, as depicted in
Figure 2.5¢, are mounted on imaging stages that are equipped with stepper
motors. These motors enable movement along the x-axis and y-axis, re-
sulting in a scan area of 300 mm x 300 mm and a physical resolution, i.e.,
smallest step size, of 120 ym. The object under test has been positioned
at a specific focal distance from the antennas, which is fixed at approxi-
mately 3 mm from the reflection head. The system collects signals into a
100 ps observation time window, which can be moved along a time scan
range of 1 ns in the same way as THz FiCO system. Figure 2.7a shows
the time-domain-gathered reference signal collected in reflection mode, i.e.,
the black waveform, and the environment noise measured in the air, i.e.,
the gray one. The frequency spectra of these waveforms are given in Fig.
2.7b. Herein, the maximum depth that can be investigated for a 100 ps
observation time window is dye < 10010712 v /2. This means that in
the most favorable cases (¢ ~ v) dpqae is about 14 mm. Fig. 2.7b shows
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that, despite the nominal spectrum of the gathered waveform is from 0 to
4 THz, the spectrum portion involving frequencies higher than 1.7 THz,
is too noisy to be considered, similar to what was observed for the FiCO
system.

The system allows spectroscopic measurements by means of the transmis-
sion module shown in Fig. 2.6. As for the software component, the TERA
system is equipped with a tool which allows to set the scanning parameters
(i.e., the step size, the scan area) and the data are saved in text format to
ensure easy importing for further data analysis.

2.2 THz imaging modalities

Starting from the beginning of the 21st century, THz imaging has ex-

perienced a rapid expansion, and several images methodologies to obtain
2D and 3D characterizations have been developed and tested.
Herein, a particular relevance is given to THz TDS imaging techniques
since they have been exploited in this study. Imaging with broadband
terahertz (THz) pulses is a powerful technique for non-invasive inspec-
tion of a wide range of materials. The unique capability of broadband
THz systems to measure the full frequency response of a sample in a sin-
gle shot enables very accurate identification of sample components and
improved depth resolution. Once the broadband THz pulse is generated
and detected, as explained in Sec. 2.1, various imaging techniques can
be employed. By using different imaging methods and data processing
techniques, broadband THz imaging can provide valuable information for
various applications, including biomedical imaging, materials characteri-
zation, food quality control and cultural heritage [63].

2.2.1 2D Imaging: THz False Color Images

THz imaging is inherently associated with versatile visualization schemes
because a THz-TDS image contains much more information than a typical
2-D optical image containing the same number of pixels. Each pixel of a
THz-TDS image contains a whole waveform in the time domain, thus the
excessive information provides many different display options for a THz-
TDS image. Terahertz (THz) imaging can be used to create false color
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images in either the time or frequency domains. False color images can be
particularly useful for highlighting specific features or materials within an
image.

In time domain, several 2D THz false-color images can be obtained by plot-
ting, point by point, different features of the measured wave-forms, such as
their amplitude, phase, maximum and minimum value [75]. Consequently,
images formed with different features of the data contain different infor-
mation about the sample. To create a time-domain false color image, the
amplitude of the signal (or the time delay between the emitted and de-
tected THz pulses) is first measured for each pixel of the sample under
test. This amplitude or time delay is then mapped onto a color scale, with
different colors assigned to different values. The resulting false color image
provides a visual representation of the object’s structure. For instance, Fig
2.8, taken from [1], illustrates this point, showing two THz transmission
images of a chocolate bar formed by peak-to-peak amplitude (upper im-
age of Fig. 2.8) and arrival time, i.e., phase of the transmitted THz pulse
(lower image of Fig. 2.8). Darker shade indicates lower transmission in
the amplitude image and later arrival time in the phase image. Overall,
the chocolate is fairly transparent in the THz region. The two images,
however, bring out different and nuanced aspects of the sample. First, the
amplitude image (upper panel in Fig. 2.8) shows that the almonds in the
chocolate bar have higher absorption due to their higher water content, re-
sulting in darker spots. The embossed letters are visible due to scattering
at the stepped edges. In contrast, the phase image (lower panel in Fig. 2.8)
distinguishes the letters from their surroundings based on their thickness,
while there is little contrast between almonds and chocolate because they
have similar refractive indices.

It is important to underline that, THz data collected by means of a TD
system contains also spectroscopic information. In fact, frequency domain
imaging is also possible with the spectrum of the waveform obtained by
the Fourier transform [76]. If the sample contains a material having spec-
tral fingerprints, the material’s characteristics can be brought out in the
image by considering amplitude or phase at the specific frequencies of the
spectral fingerprints [76].
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Figure 2.8. Grayscale False Color THz images bar show different information
depending on the adopted processing. The upper image is constructed by peak-
to-peak amplitude. The lower image is obtained by plotting the arrival time
of the transmitted waveform. (taken from [1]).

2.2.2 3D Imaging: THz tomography

Tomography refers to the cross-sectional imaging of an object by mea-
suring either the transmitted or reflected THz signal [77]. Several tomog-
raphy techniques have been developed exploiting the high transparency of
non-polar, non-metallic materials in the THz range.

THz Time of Flight Imaging

THz time-of-flight imaging (TOF) also known as THz pulsed imaging
(TPI) has the unique property of providing a 3D "map" of the object by
exploiting data collected in reflection mode [78|. The broad bandwidth of
the THz radiation is an additional advantage in a reflection mode, since
it permits one to obtain depth information and therefore construct a full
three-dimensional representation of an object [1]. This technique was used
for the first time by Mittleman and coworkers to produce the internal
structure of a 3.5 inch floppy disk [13]|. In brief, when the object is probed
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Figure 2.9. Time of flight sensing principle.

by a pulse signal, the reflected waveform is collect as a function of the time
and the contribute due to the interaction between different materials ap-
pears as pulses at different time delays. Therefore, time-of-flight analysis
of the waveforms can map out the internal layer structure (if the object
is non-metallic). In particular, the amplitude of each pulse in the train
provides information about the magnitude of the dielectric change across
the interface from which it originated [1]. The time delay between succes-
sive pulses in the train provides information about the inner stratigraphy.
In fact, performing this kind of measurements on samples with smooth
parallel transparent layers, it is possible to obtain the spatial variation of
the refractive-index profile along the direction of propagation of the THz
beam [1].

Figure 2.10 shows a pair of images collected using this reflection geom-
etry, referred to a cream chocolate sample containing metal. The image
in Fig. 2.10a shows a THz false color image, displaying the maximum
amplitude of the reflected THz field as a function of the position of the
object. In this image, it is possible to distinguish the metal as it reflects
essentially all of the THz radiation, differently from the chocolate. Figure
2.10b shows a single line scan along y = 11 mm in the THz false color
image (see the dot line in Fig. 2.10a) where it is possible to distinguish
two reflections due to occurrence of different materials (i.e., air-chocolate
interface, chocolate-metal interface). Such image, referring as THz radar-
gram, is a two-dimensional image, wherein the horizontal axis is the space
axis and represents the measurement line, while the vertical axis is the
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Figure 2.10. THz images reffered to chocolate sample containing metale
(a) THz False color; (b) THz radargram. It is possible to distinguish two
reflections due to occurrence of different materials.

time axis and represents the time of flight, that is, the time ¢ that the
waveform employs to propagate from the emitter to an electromagnetic
discontinuity and to go back to the receiver (see Fig. 2.9, where the ToF
sensing principle is sketched). The time of flight ¢ is related to the distance
d between THz probes and detected discontinuities by:

2

v

t (2.1)
v being the electromagnetic wave propagation velocity into the object.
Therefore, a THz radargram provides a cross-sectional representation of
the inner features of the object, which gives information about position
and thickness of possibly inner layers. A 3D characterization is obtained
by collecting radargrams along parallel profiles and visualizing all together
the stored data.

In addiction, in cases where the object under test is made of various materi-
als situated at different depths, THz TOF imaging allows to plot the signal
amplitude occurring in a specific time window. This creates depth slice
images, which allow the visualization of the layers or inclusions present
within the object. An example of this application is reported in [21] where
the different layer of an ancient mortar specimen is visualized.
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THz TOF imaging is effective because different materials exhibit different
behavior when illuminated by THz radiation. In principle, the spatial dis-
tribution of the refractive index can be retrieved. On the other hand, it is
important to take into account that the reflectivity of an object depends
not only on its refractive index, but also on the surface roughness, polar-
ization of incident THz radiation and more geometric factors [20].

THz diffraction Tomography

THz diffraction tomography aims at reconstructing the refractive in-

dex of the investigated object by exploiting the relation existing among
diffracted THz waves and electromagnetic parameters of materials. This
relationship is described by Maxwell’s equations and depends on the rela-
tive position of the object with respect to THz transmitting and receiving
probes. More precisely, diffraction tomography exploits a linearized model
to describe the interaction between THz wave and material, which is ob-
tained by introducing approximations commonly exploited in electromag-
netic sensing, like Born or Rytov approximations. Hence, the imaging is
performed by applying the Fourier diffraction theorem [79].
The first implementation of THz diffraction tomography was reported in
[80], wherein an imaging approach based on the Born approximation was
proposed and exploited to characterize a polyethylene cylinder. Despite
its potentialities, THz diffraction tomography has a limited applicability
due to the complexity of the required measurement setup, which must al-
low acquisition of 2D images of the diffracted THz field over a wide range
of angles. This unconventional approach involves also a time-consuming
data acquisition step, which is not suitable for many applicative scenarios.
Another limitation is the power of the probing signal, which constrains the
investigation depth significantly, due to material attenuation. Indeed, the
very low SNR hinders the imaging, and poor reconstruction capabilities
are experienced.

THz Tomosynthesis

Tomosynthesis allows reconstruction of few slices of the investigated
object without requiring measurement in all directions. Tomographic im-
ages are obtained, indeed, by moving THz emitter along a linear trajectory
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in such a way to cover a limited angle of view, which range from —50 to 50
degrees usually. Then, THz waveforms transmitted through the object are
measured on a detector plane opposed to the emitter plane. Accordingly,
for each point of view, a radiography of the object is obtained, similarly to
the standard tomography, and the imaging approaches developed for the
standard tomography can be exploited. Tomosynthesis is often used for
medical imaging [81] and can be considered a tomography with a reduced
amount of data. This implies a restriction on the imaging performance
that can be in principle achieved but allows a not trivial simplification of
the measurement setup

2.3 Data processing procedure

The raw data collected by the THz systems are processed by means of
different strategies aiming at improving the quality of the images obtained.
This is necessary to mitigate the effects of environmental noise, which are
unavoidable in the measurement process. These procedures improve the
signal-to-noise ratio, which is particularly important in THz imaging due
to the potential impact of ambient water vapor on the measured waveform.
This section aims to describe the data processing procedures employed to
enhance the quality of the raw data collected by the systems described in
Sec. 2.1.2 operating in reflection mode.

2.3.1 Noise removal
Fourier Filtering

Band-pass filters are often used in THz imaging systems to selectively
pass the desired frequency range of THz radiation while rejecting unwanted
frequencies outside of that range. This can help to improve the signal-to-
noise ratio and increase the contrast of the produced images. The filter
can help to remove unwanted frequencies that may be present in the THz
radiation, such as noise or interference from other sources, and improve
the quality of the resulting images. Herein, the aim is to remove the
undesired low and high frequency signal components by focusing on data
collected in reflection mode. This is performed by selecting the range 40
GHz - 1.7 THz. This choice is due to the fact that, as discussed in 2.1.2,
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the frequency spectra of the waveforms gathered with the adopted THz
devices (Figs. 2.4b and 2.7b) present a low frequency noise at about [5
GHz- 30 GHz] introduced by the measurement system, and for frequency
higher than 1.7 THz the collected data present a noise whose amplitude
may be comparable with the useful signal.

In this framework, the raw data is processed according to the procedure
described in the following. First, the direct fast Fourier transform (FFT)
is used to obtain the spectra of all the time-dependent THz waveforms.
Then, the effective frequency range of the data is fixed as discussed above
and the band from 40 GHz to 1.7 THz is selected. Finally, the chosen
portion of the spectrum of each THz signal is transformed in time domain
by means of the inverse FFT (IFFT).

Therefore, let s(t) the raw measured THz signal at a certain position of
the transmitter and receiver, the filtered signal is given by :

s(t) = IFFT(II(FFT(s(t)))) (2.2)

wherein II denotes the band pass filter used that is a pass-band rectangular
filter with a central wavelength equal to 0.83 THz. It is worth observing
that the restriction of the spectra at the effective frequency range of the
signal affects the range resolution, that is, the depth resolution when a
normal incidence is assumed for the probing signal. According to the
diffraction theory [82], the range resolution is:

v

AR = 5B (2.3)
where v is the wave propagation velocity in the probed medium and B
is the considered bandwidth. To point out the effect produced by the
described procedure, two raw radargrams (referred to the THz imaging
systems described in sec. 2.1.2) and the corresponding filtered ones are
shown in Fig. 2.11. By observing the filtered radargrams (see Figs. 2.11b
and 2.11d), it can be noticed that the band-pass filter improves the quality
of both raw radargrams.
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Figure 2.11. THz radagrams referred to chocolate cream samples; (a) Raw
radargram (Fico system); (b) FFT filtered radargram (Fico system); (c) Raw
radargram (TERA system); (d) FFT filtered radargram (TERA system).

Singular Values Decomposition

Singular Value Decomposition (SVD) is a powerful mathematical tool
that can be used to analyze and filter signals. It is a method for decom-
posing a matrix into its constituent parts, which can be used to reveal
important information about the signal [83]. In the context of signal fil-
tering, SVD can be used to identify and remove noise from a signal. By
decomposing the signal matrix into its singular values and vectors, it is pos-
sible to identify the dominant components of the signal, which are often
the parts of the signal that contain the most information. These dominant
components can be used to reconstruct the original signal, while the noise
components can be removed or reduced in amplitude.

From a mathematical point of view, the SVD can be briefly described as
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follows. Let A denote an NxM matrix, whose rows and columns represent
the N measurement points and the time samples M discretizing the obser-
vation time window, respectively. The singular value decomposition of the
matrix, according to the theory, is :

Q
A=USVT = Z o iVl (2.4)
i=1

where the matrix U is a NxN matrix whose columns are the n orthonor-
malized eigenvectors associated with the n largest eigenvalues of AAT, and
represent the left singular vectors of A. The matrix V is a MxM matrix
whose columns are the orthonormalized eigenvectors of AT A [84] and rep-
resent the right singular vectors of A. S is the NxM diagonal matrix whose
elements are the singular values of A arranged in a decreasing order of
magnitude and Q < min{M, N} is the rank of A [79]. A can be regarded
as a 2D or 3D image, so according to SVD theory [85], may be decom-
posed into a sum of rank one matrices (base images) given by p; - v} for
i=1,....Q. The singular value o; denotes the contribution of the ith base
image to the data matrix A. Therefore, the decreasing order of o; implies
that the contribution in Eq. 2.4 given by the ith base image decreases
as 1 approaches Q. Accordingly, it is reasonable to assume that the first
P base images represent the significant part of the data matrix, while the
other Q-P base images mainly account for the noise on data. Based on
the above considerations, noise may be filtered out, while preserving the
image details, by truncating the summation in Eq. 2.4 at the threshold
P<Q, i.e., the noise-filtered data matrix A is obtained by truncating the
SVD at the threshold P.

P
A= Z o iV} (2.5)
n=1

A suitable value of P has to be determined and this, theoretically, depends
on the specific data matrix. Usually a good choice is to set P in such a
way that the energy of the filtered data matrix is about the 90-95% of
the energy of the collected matrix. On the other hand, in the case of THz
imaging, this pratical rule is replaced by a most convenient criterion, which
accounts for the characteristic decreasing behavior of the singular values.
In fact, it is observed that the singular spectrum of a generic data matrix
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Figure 2.12. Singular Spectrum of A (a) THz FiCo system; (b) THz TERA
system.

is characterized by a fast decay followed by a smooth (almost constant)
behavior of the singular values [21]. Accordingly, a most suitable rule is to
choose P as the index of the singular value in correspondence of the point
where the spectrum changes its slope. In other words, P is fixed as the
index of the singular value where the fast decay of the singular values is
followed by the smooth one (see Fig. 2.12). This index is referred to as
knee point.

Figures 2.13(a-d) show the raw data collected by both THz systems de-
scribed in sec. 2.1.2, processed by means of Singular Value Decomposition
(SVD) filtering procedure. It is evident by comparing figs. 2.13a and 2.13c
and figs. 2.13b and 2.13d that the quality of the image has been enhanced
compared to the original raw data. However, there is still a noticeable
presence of background noise in the form of yellow lines as shown in the
figures 2.13b and 2.13d. Figure 2.13e-f shows the results obtain when the
SVD filtering procedure is applied to the FFT filtered data and demon-
strates an improvement of the image quality. It is worth noting that the
SVD filtering technique enables the elimination of noise components with-
out compromising the image resolution.
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Figure 2.13. THz radagrams referred to chocolate cream samples; (a) Raw
radargram (Fico system); (b) SVD filtered radargram (Fico system); (c) Raw
radargram (TERA system); (d) SVD filtered radargram (TERA system); (e)
FFT and SVD filtering (Fico system); (f) FFT and SVD filtering (TERA
system)
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Figure 2.14. THz radargrams; (a) Noise-filtered data; (b) Data after topo-
graphic correction.

2.3.2 Topographic correction

The sensitivity of THz waves to the surface topography of the surveyed
object may affect significantly the ability to properly image the object sur-
face and its inner structures. To overcome such a problem, a topography
correction procedure is adopted. This strategy aims at correcting the sur-
face topography of the sample by aligning the pulses due to the air-sample
interface. This method allows to clearly see and identify the different lay-
ers in the sample if these are parallel one to each other and parallel to
the air-sample interface. The topography correction is applied in different
ways, taking into account the structure of the sample and the objectives
of the analyses to be carried out. The adopted procedure performs an
alignment of the first reflection by setting the time zero, i.e., t = 0 ps or,
correspondingly, the depth z = 0 mm, if the air-sample interface provides
the maximum reflected pulse, the alignment is easily performed by looking
for the maximum value of the recorded signal. Figures 2.14a and 2.14b
show the THz radargrams obtained before and after the application of the
topography correction procedure to the noise-filtered radargram.

As previously stated, this procedure is effective when the first interface
causes the maximum peak. However, sometimes the hidden layers of the
material may have a higher reflectivity than the surface layer, such as when
there are metallic materials in the object under test. In these cases, the
first interface no longer represents the maximum peak and the alignment
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is performed by finding the maximum of the recorded signal between the
beginning of the measurement window (¢¢) and the time position at which
the air-sample interface response occurs (t1).







Chapter

THz Non-Destructive
Inspection for Food Quality
Control

This chapter contributes to the assessment of THz imaging potential-
ities in food quality controls. The study is carried out by investigating
laboratory-prepared food samples by means of two TD THz systems in or-
der to understand how the achievable performances depend on the adopted
THz systems. The attention is mainly focused on chocolate cream samples,
which have been contaminated or not by surface and shallow subsurface
foreign bodies, and are surveyed with and without a cover mimicking and
packaging. The results demonstrate the capability of THz waves to image
surface defects and to locate foreign bodies that affect product quality in
packaged food products.

3.1 Food Application of THz Imaging

THz imaging has several potential applications in the food sector due
to its ability to penetrate non-conductive materials and provide high-
resolution images. It is worth pointing out that, non-polar and non-
metallic materials such as plastic, cardboard, wood and other common
packaging materials are transparent to THz radiation and have only a very
weak interaction with THz waves. This makes THz imaging an attractive
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tool for the inspection of packaged products. The use of THz waves allows,
on the one hand, to detect unwanted objects that compromise the safety
of the product and, on the other hand, to check defects of the sample un-
der test by controlling its integrity. In this way, defects such as irregular
shapes, breaks and even the absence of the product itself in the packaging
can be detected to ensure quality. On the other hand, it is worth noting
that THz waves are strongly attenuated by water, so it is possible to detect
impurities present only a few mm deep inside the product, especially if we
consider wet foods. Despite the presence of various examples in literature
[63, 86|, the study of THz potential in food inspection is still at an early
stage and far to be completely assessed.

As a contribution to this topic, experimental research activities have been
carried out with the main interest towards the study of potentialities and
limits offered by THz imaging in the investigation of chocolate cream.
Further experiments have regarded the imaging capabilities of packaging
defects.

3.2 THz inspection of chocolate cream

3.2.1 Material: Laboratory Prepared Samples

The analyses are carried out on 7 laboratory-prepared samples that are
made by 7 mm high plastic support filled with a chocolate cream.
The samples are divided into three categories: 1) samples with surface
defects; 2) samples containing foreign bodies inside them; 3) samples cov-
ered by a cap mimicking commercial packaging, with and without defects.
Fig. 3.1 shows two samples of the first category (i.e., samples with sur-
face defect), named S1 and S2. In the first case there is a surface defect
consisting of a piece of pistachio peel (see Fig. 3.1a), while in the second
case a piece of pistachio shell, mimicking the defect, is partially covered
by chocolate cream as shown in Fig. 3.1b.

Fig. 3.2 shows two samples of the second category (i.e., uncovered sam-
ples with foreign bodies), which are referred to S3 and S4. In the first
case metal has been hidden 1 mm deep inside the chocolate cream, mim-
icking the contaminant (see Fig. 3.2a) and in the second case a sheet of
polystyrene contaminated the sample to a depth of 1.5 mm (in Fig. 3.2b).
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(a) (b)

Figure 3.1. Chocolate cream samples with surface defects; (a) S1: pistachio
peel on the surface of the chocolate; (b) S2: pistachio partially covered by
chocolate.

(b)

Figure 3.2. Chocolate cream samples contaminated by foreign bodies, (a)
S53: Metal to a depth of 1 mm; (b) S4: Sheet of polystyrene to a depth of 1.5
mm

Finally, Fig. 3.3 show three covered samples of the third category (i.e.,
samples covered by a cap mimicking a commercial packaging). Specifi-
cally, Figs. 3.3a-3.3c show the sample without cap, while Figs. 3.3d-3.3f
show the same samples as they have been analyzed, i.e. covered by a non-
metallic package. The samples are named S5, 56, S7, respectively. The
packages in Figs. 3.3d and 3.3e are formed by a double layer (i.e., plastic
and paper), the one in Fig. 3.3f is made by a single paper layer. The sam-
ple in Fig. 3.3a, mimics the standard case, i.e the chocolate without defect;
the sample in 3.3b accounts for the presence of a contaminant, which is
13 mm x 13 mm plastic fragment, located on the chocolate surface; the
third sample in Fig. 3.3c represents the case of a 20 mm x 20 mm metal




36 CHAPTER 3. THz Non-DEsTRUCTIVE INSPECTION FOR Foop QuarLiTy CONTROL

(d) (e (f)

Figure 3.3. Samples covered by a cap; (a)-(c) samples without cap; (d)-(f)
samples as they have been analyzed: S5, 56, S7, respectively.

fragment hidden at a depth of about 1 mm into the chocolate cream.

3.2.2 Method: Measurement Protocol

The procedure used to carry out the measurement of the samples S1-
S7 can be summarized in the following steps.

1. The object under test is placed at the focal distance from THz emit-
ters;

2. The scanning area is set and the spatial offset along z and y axes is
selected in agreement with the spatial variability of the geometrical
features of the investigated samples (see Tab. 3.1);

3. The raw data are processed as described in Chapter 2.

THz measurements are performed in reflection mode and in uncontrolled
environment conditions with temperature values in the range 28°C - 30°C
and humidity percentages from 30% to 35%.

Table 3.1 contains the scan area and the spatial offset along = and y axes
selected for the samples analyzed.
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Table 3.1. Scan Area and spatial offset along = and y axes selected for S1-S7.

Samples Scan Area Spatial offset
[mm x mm] [mm]
S1 35 x 35 0.25
52 40 x 40 0.25
S3 30 x 30 0.25
S4 35 x 35 0.25
S5 40 x 35 0.25
S6 40 x 40 0.25
ST 40 x 35 0.25

(b)

Figure 3.4. Chocolate cream samples contaminated by metal, (a) S3: Metal
to a depth of 1 mm; (b) Metal to a depth of 3 mm;

3.2.3 Performances of FiCO and TERA THz systems

The measurements are carried out by means of the FiCO and TERA
THz systems, which are both described in Chapter 2. In the preliminary
phase, it was deemed appropriate to analyze the same samples with both
systems to compare their results. The objective was to verify the con-
sistency of the results obtained with the two systems, to ensure that the
measurement system used to inspect the sample did not affect the results.
To this end, two additional laboratory samples of chocolate cream were
used (see Fig. 3.4); the first containing metal at a depth of 1 mm (Fig.
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Figure 3.5. THz radargrams referred to cream chocolate samples with metal
inside. (a)-(b) metal 1 mm deep inside the cream, data collected with FICO
and TERA, respectively; (c)-(d) metal 3 mm deep inside the cream, data
collected with FICO and TERA, respectively.

3.4a), and the second at a depth of 3 mm (Fig. 3.4b). Only a few scan
lines were collected along the y-axis of these samples, with a spatial off-
set along = of 0.5 mm, as large amounts of data were not necessary to
verify the consistency of the results. Fig. 3.5 shows the THz radargrams
referred to a central y measurement line of the chocolate samples. Specif-
ically, comparing Fig. 3.5a and Fig. 3.5b (corresponding to the sample
containing metal at a depth of 1 mm), it can be observed that the first
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reflection due to the air-sample interface, and the second one due to the
sample-metal interface, are delayed in both cases by approximately 8 ps.
In fact, Fig.3.5a and Fig. 3.5b (i.e., corresponding to data collected with
the FiCO and TERA systems, respectively) show a first reflection of the
sample at approximately t=36 ps and a second reflection due to the metal
at t=44 ps.

A similar behavior can be observed in the THz radargrams in Figs. 3.5¢
and 3.5d, which refer to the case where the metal was placed at a depth
of approximately 3 mm in the chocolate cream. In this case, the time
delay between the two reflections is approximately 30 ps; Figs. 3.5c and
3.5d show the first reflection due to the air-sample interface at about 33
ps, and the second reflection due to the metal inclusion appearing at ap-
proximately 63 ps. The only difference that can be observed by looking
at the colorbars of the radargrams in Fig. 3.5 is related to the amplitude
of the measured signals; in fact, the FiCO system shows higher intensity
values compared to those measured with the TERA system, because the
FiCO system delivers higher power. Therefore, it is possible to conclude
that, except for a scaling factor in amplitude, the coherence of the mea-
surements is demonstrated, as expected considered the similar nature of
the two systems used (i.e., both are TD systems). From this point on,
the results will be shown without specifying the measuring system used to
perform the analysis, as it has been shown that the instrumentation does
not affect the obtained results.

3.2.4 THz imaging results

The results referred to the cream chocolate samples introduced in Sec.
3.2.1, shown in Figs. 3.1-3.2-3.3, are presented in this section. The re-
sults are obtained using the time-of-flight imaging technique described in
Chapter 2. For the sake of brevity and to avoid repetition, imaging results
referring to only one of the two considered systems are reported in the
following.

Surface defects detection

THz false color images of the samples S1 and S2 in Fig. 3.6, show
the maximum values, point by point, of the filtered data. Specifically,
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Figure 3.6. THz false color images referred to the samples S1 and S2 in fig.
3.1: (a) Maximum amplitude of the signal, S1; (b) Maximum amplitude of
the signal S2.

Fig. 3.6a demonstrates THz imaging ability to accurately represent the
pistachio peel on the surface of the chocolate cream (see 3.1a) and Fig. 3.6b
to detect the pistachio shell partially hidden inside the chocolate cream
sample (see Fig. 3.1b).

As further proof of the ability of THz imaging techniques to effectively
identify the presence of surface defects, THz radargrams of the filtered
data, are shown in 3.7. Fig. 3.7 shows THz radargrams, referred to the
samples S1 and 52, for y= 15 mm and for y= 20 mm, respectively, that
corresponds to areas where the contaminants are present. By observing
Fig. 3.7a, it is possible to note the presence of the surface defect ranging
from 10 mm to 22 mm.

Fig. 3.7b shows that the chocolate’s response changes following the shape
of the partially hidden surface contaminant. It is worth pointing out that,
as shown in Fig. 3.1b, the pistachio shell only partially emerges from the
chocolate cream and it is not possible to distinguish its shape. Notably,
the THz radargram in Fig. 3.7b allows to evaluate the extent of the defect
ranges from 18 mm to 25 mm.
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Figure 3.7. (a) THz radargram referred to S1 (see Fig. 3.1a) - y = 15 mm
- The extent of the surface defect ranges from 10 mm to 22 mm; (b) THz
radargram referred to S2 (see Fig. 3.1b) - y = 20 mm - The extent of the
surface defect ranges from 18 mm to 25 mm.

Foreign body detection

Fig. 3.8 contains THz false colours related to the samples S3 and
S4, shown in Fig. 3.2. Figure 3.8a displays the maximum amplitude of
the reflected THz field as a function of the position of the object. In
this image, it is possible to distinguish shape and size of the metal as
reflects essentially all of the THz radiation, differently from the chocolate.
Conversely, Fig. 3.8b shows that the polystyrene sheet inserted in the
chocolate is not clearly visible and only its edges can be seen.

Fig. 3.9a shows the THz filtered radargram referring to the chocolate
sample containing the metal, mimicking the foreign body (i.e., S3). The
data has been gathered at y = 11 mm, which correspond to a line where
the foreign body is present. In these case, two reflections occur, the first
due to the air - chocolate interface, the second due to the chocolate - metal
interface. The distance between the contaminant and the surface of the
sample has been estimated equal to 1 mm for the sample S3. Such distance
has been calculated from the ToF formula (see Chapter 2), being known
the permittivity €, of the chocolate cream, and the time, which the THz
wave employes to pass through the space between the two interfaces. In
fact, it is reasonable to assume that €, is approximately equal to 3 [87].
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Figure 3.8. THz False color images; (a) Maximum amplitude of the filtered
signal referred to S3, shown in 3.2a; (b) Maximum amplitude of the filtered
signal referred to S4 in 3.2b.
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Figure 3.9. THz radargrams of the samples S3 and S4. (a) Metal 1 mm
deep inside the chocolate; (b) Polysterene 1.5 mm deep inside the chocolate.

Fig. 3.9b shows the THz radargram referred to the chocolate sample
containing the polystyrene, as a foreign body (i.e., S4). The data has been
gathered at y = 10 mm, which corresponds to a line where the contaminant
is present. Also in this case, it is possible to distinguish two reflections due
to the occurrence of different materials. Herein, the distance between the
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Figure 3.10. THz images referred to S5, shown in Fig. 3.3d (a) THz false
color image; (b) THz filtered radargram - y=20 mm (the green dot line in
3.10a); (c) THz waveform - (20,20) mm (marked with the blue x in 3.10a).

foreign body and the surface of the chocolate cream has been estimated
equal to 1.5 mm.

Samples with packaging

Figures 3.10a, 3.11a and 3.12a show the THz false color images referred
to the covered samples in Figs. 3.3d-3.3f (i.e., S5, S6, S7). Looking at
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Figure 3.11. THz images referred to S6, shown in Fig. 3.3e (a) THz false
color image; (b) THz filtered radargram - y=15 mm (the green dot line in
3.11a); (¢) THz waveform - (15,15) mm (marked with the blue x in 3.11a).

such images, it emerges that the information about the object under the
package is loss. So, THz false-color images, obtained by plotting, point
by point, the maximum amplitude of the signal are not informative in the
case of packaged products, and other types of investigation are necessary
to perform effective inspection of the food product and detect any poten-
tial contaminants.

To this end, Fig. 3.10b shows the radargram corresponding to y= 20 mm
(i.e., highlighted by the green line in Fig. 3.10a) and referred to the cov-
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Figure 3.12. THz images referred to the sample in 3.3f. (a) THz false color
image; (b) THz filtered radargram - y=15 mm (the green dot line in 3.12a);
(c) THz waveform - (15,15) mm (marked with the blue x in 3.12a).

ered sample S5, shown in Fig. 3.3d. By observing Fig. 3.10b, it is possible
to distinguish a first reflection due to air-package interface occurring at
42 ps and a second one representing the interface between the air and the
chocolate, which occurs at about 62 ps. Instead, Fig. 3.11b, referred to
the specimen S6 in Fig. 3.3e shows the radargram corresponding to y= 15
mm (i.e., highlighted by the green line in Fig. 3.11a), where occurs three
reflections due to the presence of different materials. The first reflection at
40 ps, as in Fig. 3.10b, is related to the presence of the packaging, while
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Figure 3.13. Maximum Amplitude of the signal in specific time windows
referred to the sample S5 in Fig. 3.3d: (a) cap; (b) void between cap and
chocolate; (¢) chocolate.

the second and the third reflections, at about 60 ps and 65 ps, represent
the air-plastic interface and the plastic-chocolate one, respectively. It can
be seen that the extent of the defect (i.e., the plastic) is between 9 mm
and 22 mm.

Fig. 3.12b shows the THz radargram referred to the case study S7 in
Fig. 3.3f (corresponding to y= 15 mm, see Fig. 3.12a) where metal was
hidden about 1 mm deep inside the chocolate cream. Also in this case,
by observing the radargram, it is possible to note the presence of three
reflections. The first reflection at 20 ps is related to the presence of the
packaging, while the second and the third reflections, at about 26 ps and
37 ps, represent the air-chocolate interface and the chocolate-metal one,
respectively.

To corroborate these results, the THz waveforms are shown in Figs. 3.10c,
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Figure 3.14. Maximum Amplitude of the signal in specific time windows
referred to S6 in Fig. 3.3e: (a) cap; (b) void between cap and chocolate; (c)
chocolate contaminated by plastic.

3.11c, 3.12¢ corresponding to the blue point highlighted in Figs. 3.10a,
3.11a and 3.12a, respectively. Comparing Fig. 3.10c and Fig. 3.11c, one
can see that in both cases the time between the peak of the waveform due
to the packaging and the peak due to the reflection of the chocolate is 20
ps, which corresponds to about 3 mm in the air. Figure 3.11c shows also
that the reflection due to the plastic occurs 25 ps after the reflection at the
air-pack interface, as confirmed by Fig. 3.11b. By observing Fig. 3.12c,
it is possible to note that, in this case, the time between the peak of the
waveform due to the packaging and the peak due to the reflection of the
chocolate is 6 ps, which corresponds to about 1 mm in air.

Further evidence of the ability of detecting the chocolate surface contami-
nation and the inner one is provided by the depth slices show in Figs. 3.13,
3.14 and 3.15, where appropriate time windows have been selected in order
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Figure 3.15. Maximum Amplitude of the signal in specific time windows
referred to the sample S7 in Fig. 3.3f: (a) cap; (b) chocolate; (c) metal.

to separate the contribution of the first reflections due to the packaging
and the ones related to chocolate portions at increasing depths. Figure
3.13a illustrates the amplitude of the signal in the time range of [0-50] ps,
as it pertains to the sample depicted in Fig. 3.3d, which represents the
packaging. Conversely, Figure 3.13b depicts the void between the cap and
the chocolate in the time range [51 - 60] ps, and Fig. 3.13c shows the
chocolate cream under the cap, which accounts for the reflection observed
in the time range of [61- 70| ps. In addiction, Fig. 3.14a (corresponding
to the sample in Fig. 3.3e) shows the signal amplitude in the time window
[0-50] ps, which relates to the packaging. On the other hand, Fig. 3.14b
shows the void between the cap and the chocolate in the time range [51
- 60] ps, as Fig. 3.13b. Fig. 3.14c illustrates the reflections observed in
the time window [61-70| ps, which are caused by the presence of chocolate
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Figure 3.16. Sugar bags. (a) Photo of a standard packaging; (b) Photo of
defect packaging highlighted in the yellow box; (¢) THz False color standard
packaging; (d) THz False Color defect packaging; (e) THz False color when
the sugar has been moved on the left side.

and plastic fragments, whose edges appear in the figure and are enclosed
by the white contoured rectangle. Furthermore, Figure 3.15a shows the
signal amplitude in the time window [1-25] ps referred to the sample in
Fig. 3.3f, wherein only the response of the packaging is considered. Figure
3.15b referring to the intervals [25-39] ps takes into account the contribu-
tion related to the chocolate. Finally, the third depth slice in Figure 3.15¢
is obtained by selecting the time interval [40-45] ps and contains the metal
fragment hidden inside the cream.

3.3 A further investigation: Packaging Control
Among the possible applications of THz imaging, a potential area is

the detection of production defect in plastic or paper packaging. In this
framework, analysis regarding paper packaging defects have been carried
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out. This section presents the results referred to sugar bags with and
without packaging defects. A standard packaging is reported in Fig. 3.16a,
while the sachet of sugar in Fig.3.16b is characterized by a surface defect
of about 10 mm. The data has been gathered with a 0.4 mm spatial
resolution along the z and y axes and a scan area of 65 mm X 50 mm.
Figures 3.16¢ and 3.16d indicates the ability of THz imaging to represent
accurately the surface of the packaging. In particular, the defect of the
package has been successfully checked guaranteeing an effective control of
quality as shown in Fig. 3.16d. These results allow us to appreciate the
diagnostic capabilities of THz technology of detecting packaging defect that
could compromise the quality of the food. It is worth pointing out that
the sugar is clearly identified under the paper layer in the THz images as
shown in Fig. 3.16c and Fig. 3.16d. This indicates that, despite the limits
related to the penetration depth of the THz, it is possible, in principle,
to investigate the content of the packet. To confirm this observation, Fig.
3.16e shows the THz image of a sachet where the sugar has been moved
to the left side. The sugar distribution is clearly distinguishable from the
image obtained.




Chapter

Non-Destructive
Characterization of Magnetic
Polymeric Scaffolds

The use of TeraHertz (THz) waves for the non-destructive characteri-
zation of Magnetic Scaffolds (MagS) represents an open challenge for the
scientific community. MagS are 3D composite materials, in which magnetic
nanoparticles (MNPs) are used to load a polymeric matrix. Due to their
wide use in various medical applications, there is an increasing demand
of advanced techniques for non-destructive quality assessment procedures
aimed at verifying the absence of defects and, more generally, dedicated to
the characterization of MagS.

This chapter deals with an approach for the characterization of MagS by
means of a THz time-domain system used in reflection mode. The pro-
posed data processing approach allows a quantitative characterization of
MagS, in terms of their (estimated) thickness and refractive index. More-
over, the proposed procedure allows to identify the areas of the scaffold
wherein MNP are mainly concentrated and thus, it gives us information
about MNP spatial distribution.

The material presented in the chapter is contained in an article under re-
view on the IEEE Transaction on Terahertz Science and Technology.
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4.1 Material

4.1.1 Magnetic Scaffolds

MagS are 3D composite materials, in which iron oxide (Fe3O4) MNPs
are used to load a polymeric matrix made of poly(e - capprolactone) (PCL).

It is well known that polymer scaffolds used for tissue engineering
should possess proper architecture and mechanical properties to support
cell adhesion, proliferation, and differentiation [88]. Typical scaffold de-
signs have included meshes and fibers; these designs are chosen because
they promote uniform cell distribution, diffusion of nutrients, and the
growth of organized cell communities [89]. Therefore, the architecture of
a PCL scaffold is made using fibers that are superimposed on each other
forming a grid to obtain a solid structure having a certain porosity. The
choice of the ideal fiber size and the porosity of the scaffold depends on
the proposed function of the scaffold itself [90].

Regarding the process of incorporation of MNP into the polymer ma-
trix, the one used for the analyzed MagS consists of dropping the MNP
dispersed in water onto the PCL scaffolds and the deposition occurs under
the driving force of an external magnet [58].

4.1.2 Laboratory Case Studies

Polymeric scaffolds produced by 3D Biotek (3D Biotek LLC) have been
considered in this study. The set of 3D-Insert are constituted by a 90°-

FIBER
DIAMETER SPACING
300 pm 300 pm

D
-

(a)

Figure 4.1. (a) 3D-Insert consisting of a 90°-interlaced fiber architecture,
with a fiber diameter of 300 um, spaced by 300 pum. (b) Image of the 3D
structure of the scaffold.
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interlaced fiber architecture, with a fiber diameter of 300 ym, spaced by
300 pm, resulting in a nominal porosity of about 80% (see Fig. 4.1a).
These standard poly-caprolactone (PCL) disks have a 5 mm diameter. A
representative image of the 3D structure of the scaffold is shown in Fig.
4.1b. The drop-casting deposition is tuned to obtain different distributions
of MNPs in the biomaterial as described in [58]|. The four MagS analyzed
in this study are shown in Fig. 4.2, where the sample named 0A does not
contain MNPs and is used as reference.

4.2 Method

4.2.1 Measurement Protocol

The procedure used to carry out the measurements of the Samples
under Test (SuT) can be summarized in the following steps.

Figure 4.2. Photos of the samples: (a) scaffold without MNPs named sample
0A; (b)-(d) scaffolds with a different amount of MNPs and referred as sample
1A, 2A and 3A, respectively.
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ORESEEY,

up 1 2 3

DOWN 4 5 6
(b)

Figure 4.3. (a) Samples placed on a metal plate. (b) Measurement set up;
we will refer to the six configurations with numbers from 1 to 6.

1. The samples are placed on a metal plate in order to have a unique
temporal and spatial reference (see Fig 4.3a). This choice is useful
because the metal totally reflects the signal passing through the sam-
ple allowing us to identify the time corresponding to the last peak of
the gathered waveforms, due to sample-metal interface (end of the
specimens).

2. Six measures are made for each SuT that are numbered from one
to six and summarized in Fig. 4.3b. The samples are analyzed by
collecting data on both sides (up and down) and with three different
fibers orientations (see Fig. 4.4). In particular, the specimens are
measured with the fibers oriented as shown in Fig 4.4a (the starting
position a = 0°, where « is the angle between the fiber shown in red

72\

)

78N
. T

(@) (b) ©

x Y
3 4

Figure 4.4. Different fibers orientations used to carry out the measurement.
(a) Starting position oo = 0°. (b) Rotaded by 45°. (c¢) Rotaded by 90°.
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in Fig. 4.4 and the y axis), rotated by 45° (a = 45°, see Fig. 4.4b)
and by 90° (o = 90°, Fig. 4.4c), with respect to the initial position.

The measurement protocol consists of six measures for each SuT and this
is made because small variations in the results may occur, mainly due to
two factors. The first one is the random placement of the sample on the
scanning platform of the THz measurement system. The second one is the
texture of the sample, which consists of 90° -interlaced fiber architecture,
as described in Sec. 4.1.1, that can affect the propagation time of the THz
signal within the object. The polymer matrix, as shown in Fig. 4.1, has
empty spaces between the fibres, which alters the propagation of the THz
signal. Furthermore, the time that the THz signal employs to propagate
depends on the mutual position of the fibres, and thus on their orientation
with respect to the emitter and the receiver locations.

THz measurements were performed in uncontrolled environment con-
ditions with temperature values in the range 28°C - 30°C and humidity
percentages from 30% to 35%. The data were gathered by scanning a 10
mm x 10 mm area with a 0.12 mm spatial offset along z and y axes, which
was selected in agreement with the spatial variability of the geometrical
features of the investigated samples. The time required to collect each data
set was less than 5 minutes, while the processing time was about a couple
of minutes. Of course, such a time is not negligible but, it is reasonable
for high precision laboratory measurements.

Moreover, the thickness of the samples in Fig. 4.2, say d,,, are shown
in Tab 4.1. Such values were measured by means of a manual gauge, hav-
ing an accuracy of about 10~ mm.

Table 4.1. Thickness of the MagS, d,,,, measured with a manual gauge.

Sample 0A 1A 2A 3A
dp[mm)] 1.55 1.40 1.50 1.30

4.3 Characterization of the MagS

This section is devoted to describe the approach to characterized the
MagS, which can be summarized in the following steps:
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e Estimation of the thickness (A);
e Estimation of the refractive index (n);

e Evaluation of the 2D spatial distribution of the MNPs (MDM);

Definition of THz Propagation Delay Map (PDM);
— Definition of the Magnetization Index (1,,);

Definition of THz reference propagation times (tar, tnar);

— Definition of Magnetization Concentration Mask (MCM);

Definition of the Magnetization Distribution Index (I,,4);

The approach is applied to the filtered THz data obtained as described in
Chapter 2.

4.3.1 Thickness Estimation

The thickness of the SuT (A, in mm), is computed by using the ToF
formula, see eq 2.1 in Chapter 2. In particular, it is estimated as the
difference between the distance from the emitter/receiver to the metallic
surface on which the samples are placed, say dy, and the distance between
the emitter/receiver and the sample surface, i.e., the top of the scaffold,
say dy (see Fig. 4.5). The distances d; and dy are computed according to

EMITTER/RECEIVER

d d,

SCAFFOLD

METAL PLATE

Figure 4.5. d; is the distance between the emitter/receiver and the metal
plate. ds is the distance between the emitter/receiver and the surface of the
scaffold. A is the thickness of the object.
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Figure 4.6. (a) Scan Area: external and internal points exploited to derive
the averaged A- scans. The yellow circle represents the scaffold. (b) Averaged
A Scan from which the value of ¢1, highlighted by a red circle, is derived. (c)
Averaged A Scan used to derive the value of to and t3 pointed out by a yellow
circle and a green one, respectively. t4 represents the time that the waveform
employs to propagate within the SuT.

the ToF formula (see eq. 2.1 in Chapter 2):

di = —" (4.1)

with ¢ = 1, 2; where ¢ is the speed of light in the vacuum (m/s) and ¢; is
the time, in ps, that the waveform employs to propagate from the emitter
to the metal plate (¢1) or to the top of the scaffold (¢2) and go back to the
receiver.

The time #; has been estimated from the A-Scan obtained by averag-
ing the collected waveforms referred to the parts of scanned area that are
not covered by the scaffold and it is referred to as external area (see Fig.
4.6a). This A-Scan takes into account the waveforms collected outside the
sample, and t; is identified as the first minimum, calculated going back in
time, starting from the peak of the reflected signal due to air-metal inter-
face (see Fig. 4.6Db).

The time to is estimated from the A-Scan obtained by averaging the
collected waveforms of the scanned area intercepting the scaffold, and re-
ferred to as internal area (see Fig. 4.6a). In particular, ¢2 is identified as
the first minimum value, just before the peak due to air-sample interface,
see Fig. 4.6¢. Once the two distances have been estimated, it is possible to
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estimate the thickness of the scaffold by simply subtracting A = dy — ds.

4.3.2 Refractive Index Estimation

The second step involves the identification of the refractive index (n)
of the analyzed samples and allows the characterization of the SuT from
an EM point of view. Considering that MagS is not homogeneous, by the
term refractive index I mean the effective refractive index. This value,
once again, is derived from the ToF formula (Chapter 2, eq. 2.1). Let v
be the EM wave propagation velocity into the object, it is given by v = %
Hence, the refractive index 7 is derived as :

C:- t4

N1=57A (4.2)

where A is the estimated thickness of the object and t4 represents the time
that the waveform employs to propagate within the SuT. This time is given
by the difference between the time instant t3 corresponding to the peak of
the reflected wave due to the object-metal interface and the time instant ¢
corresponding to the peak referred to top face of the scaffold (see Fig. 4.6¢).

4.3.3 MNPs Spatial Distribution Estimation

To extract the spatial distribution of MNPs in the polymeric matrix,
the THz Propagation Delay Map (PDM) of the SuT is first derived. PDM
is a 2D image representing the propagation time delay of the THz wave
due to the presence of MNPs into the scaffold. Such map is a 2D dif-
ferential image obtained by subtracting, for each pixel, the propagation
time referred to the sample under test and a reference propagation time
(tnar) computed by considering an ideal homogeneous scaffold having the
same thickness of the surveyed one but being without MNPs. The prop-
agation time referred to the SuT is retrieved from the measured data, for
each pixel of the scanned area intercepting the scaffold, as the value of
the time interval occurring between the time instant of the peak due to
the scaffold top face (air-scaffold interface), and the time instant of the
peak due to the scaffold bottom face (scaffold-metal plate interface). Of
course, the duration of this time range depends on the material wherein
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the signal propagation occurs and it is, therefore, affected by the presence
and the amount of MNPs. The reference propagation time (typs) is the
propagation time referred to a scaffold having the same thickness of the
scaffold under test and the refractive index estimated for the sample 0A in
Fig. 4.2, i.e., the scaffold without MNPs. Then, the pixels of the scaffold
wherein there are MNPs are detected from the PDM as the ones different
from zero. The PDM allows the estimate of a Magnetization Index (Ip,),
synthetically encoding the amount of MNPs present in the SuT (with re-
spect to a homogeneous reference). The I, value is given by the ratio
between the number of pixels containing MNPs and the total number of
pixels discretizing the scanning area and intercepting the scaffold, i.e. the
number P of pixels belonging to the internal area (see Fig. 4.6a);

S (@i > 0)
P

I, = (4.3)
being x; ; the pixel considering and N x M the dimension of the image.
Furthermore, the areas where the MNP are mainly concentrated are
retrieved by introducing a threshold T' defined by the difference between
the times of flight of the reference scaffold without MNPs (¢nas) and the
time of flight for the one homogeneously loaded with MNPs (¢p7). This
latter is derived using the ToF formula (Eq. 2.1) where A is the thickness
of the SuT and v is the EM wave velocity in an object having the refrac-
tive index 7 estimated for the SuT. The value 7' is used to threshold the
PDM and to obtain a binary magnetization map, which we will refer to as
Magnetization Concentration Mask (MCM). In this map, the pixels where
the propagation time is larger than 7' are set to one, being estimated as
the pixel where the presence of the MNPs significantly affects the THz
signal propagation through the sample. The MCM allows the estimate of
a Magnetization Distribution Index (I,,,4), which accounts for the areas of
the scaffolds where the MNPs are mostly concentrated (with respect to
a homogeneous distribution of MNPs in the polymeric matrix). The I,,4
value has been calculated as the ratio between the number of pixels where
the propagation time is larger than 7" and the total number of pixels P:
S (@i >1T)

- (4.4)

Imd =
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Table 4.2. t1, t5 and ¢3 in ps for all the measurement set.

t1[ps] t2[ps] t3[ps]
Measurement | 0A 14 2A 3A | 0A 1A 2A 3A | 0A 1A 2A 3A

429 41.3 42.0 43.7]32.0 31.7 32.1 34.8|48.4 469 47.7 49.2
43.3 414 413 41.0|326 32.0 314 32.1|489 46.8 47.1 46.6
41.2 41.2 421 42.1]30.6 31.5 32.0 33.2|47.0 46.7 478 47.4
41.6 419 42.8 42.5|30.6 32.2 32.8 33.7|47.3 472 48.6 48.2
43.3 414 41.2 423|327 31.2 31.2 335|489 46.7 46.8 47.6
424 41.7 424 446|317 32.0 324 35.7|48.2 47.0 485 49.8

S U e W N =

being x; j, N and M defined as above.

Finally, the 2D MNPs Distribution Map (MDM) is retrived by multi-
plying pixel by pixel the binary MCM and the map of the filtered THz
signal amplitude (i.e., THz False colors image). This image is normalized
to its maximum value and allows to distinguish the areas of the SuT where
MNPs are mostly concentrated and to detect how the distribution of the
MNPs changes along z and y directions.

4.4 THz results of the Case Studies

The results obtained for the MagS introduced in Sec. 4.1.2 (Fig. 4.2)
using the procedures detailed in Sec. 4.3 are reported in this section.

Tab. 4.2 shows the time 1, and the values t9 and t3, derived from the
A-scans described in Sec. 4.3.1 and 4.3.2, for the six measurement set up
(see Fig. 4.3b). These values were used to derive the thickness A and
refractive index 7 shown in Tab. 4.3, for measurement 1 to 6. In addition,
for each sample the results of A and n were averaged: 1) M,, contains
the average values of measurements 1-2-3 (i.e., sample upwards with three
different fibre orientations: « = 0°, 90°, 45°); 2) Mg,y contains the
average of measurements 4-5-6 (i.e., sample downwards with three different
fibre orientations: a = 0°, 90°, 45°); 3) My, contains the average of all six
measurements.
Table 4.4 compares the average thickness values derived from THz data
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Table 4.3. A and 7 values for each measurement and their averages My,
Mdown7 Mtot

0A 1A 24 3A
Measurement | Almm| 7 Almm] 7n Almm| 7 Almm] 7n

1 1.62 1.52 1.47 1.56 1.50 1.56 1.34 1.61

2 1.61 1.52 1.41 1.57 1.50 1.58 1.34 1.61

3 1.59 1.54 1.45 1.57 1.50 1.58 1.33 1.60

4 1.65 1.52 1.45 1.55 1.49 1.59 1.32 1.65

5 1.58 1.54 1.45 1.55 1.50 1.57 1.32 1.60

6 1.60 1.55 1.45 1.55 1.51 1.60 1.34 1.58
My 1.61 1.53 1.44 1.57 1.50 1.57 1.34 1.61
Maown 1.61 1.54 1.45 1.55 1.50 1.59 1.33 1.61
Mot 1.61 1.53 1.45 1.56 1.50 1.58 1.33 1.61

(A), referred to all the six measurements (Myy), with those measured by
means of a manual gauge (d,,), having an accuracy of about 10~! mm.
Table 4.5 shows at its first row the THz propagation times of the reference
samples without MNPs (¢yas) exploited to derive the PDMs in Fig. 4.7,
referring to the sample 14, 24 and 3A.

The second row of Tab. 4.5 contains the instant times t;; referred to
the scaffolds homogeneously loaded with MNPs, that allow to obtain the
threshold 7' (see the third row of Tab. 4.5) used to retrieve the MCMs
shown in Fig. 4.8b, Fig. 4.9b and Fig. 4.10b. Tab. 4.6. contains the
Magnetization Index (I,,,) and the Magnetization Distribution Index (I,,4)-

Table 4.4. Thickness of the magnetic scaffolds: d,, is the value measured with
a manual gauge - A is the averaged thickness estimated for all the measurement
set.

Sample | 0A | 1A [2A |3A
d[mm] | 1.55 | 1.40 | 1.50 | 1.30
Almm] | 1.61|1.45|1.50 | 1.33
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Table 4.5. ¢y, tya and T'[ps| calculated considering the average A and the
average 7 for all the six measurement set.

Sample | 1A 2A 3A
tnm(ps] | 14.70 | 15.30 | 13.56
talps] | 15.00 | 15.80 | 14.28
T[ps] 0.30 |0.50 |0.72

Table 4.6. I, and I,,4 for the MagS.

Sample 0A 1A 2A 3A
I 0 0.88 0.97 0.99
Ima 0 0.14 0.27 0.48

The 2D MNPs Distribution Map (MDM) are shown in Fig. 4.8¢c, Fig.
4.9¢ and Fig. 4.10c compared with the optical image of the corresponding
MagsS.

4.5 Discussion

THz data referred to the six measurement setups shown in Tab. 4.2
have been used to estimate A and 7, and the results are presented in Tab.
4.3.

As shown in Tab. 4.3, small variations in the results occur due to the dif-
ferent position of the MagS texture, which is made by 90°-shifted highly
porous mesh, on the scanning platform of the THz system. The texture of
the MagS and the presence of empty spaces between the fibers, affect the
propagation time, which depends on the mutual position of the fibers and
on their orientation with respect to the emitter and the receiver locations.

There are also small variations in the results of A and 7, as shown from
the row 1 to 6 in Tab. 4.3, due to the fact that such values are computed
from the instant times t1, to and t3 (see Sec. 4.3.1 and 4.3.2).

Tab. 4.3 shows the estimated values of A and 7 for the single measure




4.5. DiscussioNn

Figure 4.7. Propagation Delay Maps (PDMs). (a) 1A. (b) 2A. (c¢) 3A.
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Figure 4.8. (a) Photograph of the MagS 1A. (b) MCM 1A. (c) 2D MDM 1A.

(from row 1 to 6) and for the averaged measures. The results do not differ
significantly each other if we consider an approximation to the first digit.
Therefore, they suggest that a single measurement could be sufficient, even
if the average of three measurements, with the sample up or down, or six
measurements (i.e., MagS up and down) increases the robustness of the
MagS characterization.

The effectiveness of the procedures described in Sec 4.3.1 is demon-
strated by comparing the averaged values estimated from the THz data A
(i.e., referred to My, ), and the values measured with the manual gauge d,
with an accuracy of about 107! mm. The results in Tab. 4.4 demonstrate
that the proposed method gives good results considering the accuracy of
the manual gauge. It is worth noting that, as shown in Tab. 4.3, the
sample without MNPs (i.e., 0A) has the lowest 1 value, as expected, while
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Figure 4.9. (a) Photograph of the MagS 2A. (b) MCM 2A. (c¢) 2D MDM 2A.

the other samples show an increasing trend. In particular, sample 34 is
characterized by the highest 1 value and this is compliant with the largest
amount of MNPs.

The PDMs shown in Fig. 4.7 contain the THz propagation delay, in ps,
introduced by the presence of MNP and allow the introduction of the mag-
netization indices, I,,, shown in the first row of Tab. 4.6. The obtained
results state, as foreseeable, that when the amount of MNP increases also
71 increases, while I,,, approaches to 1. Moreover, the results referred to
I,,q (see second row of Tab. 4.6) show that higher I,,,4 values correspond
to larger areas where MNPs are concentrated, which is confirmed by both
the MCM and the picture of the MagS.

Looking at the photo of sample 14 in Fig. 4.8a, it is possible to note
that there is a higher MNP concentration in the center, as confirmed by
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Figure 4.10. (a) Photograph of the MagS 3A. (b) MCM 3A. (c) 2D MDM
3A.

the MCM in Fig. 4.8b. Similarly, for the sample 24, the MNPs are present
in lower amounts at the edges, while they are present in higher amounts in
the other parts of the scaffolds, as shown in the photo of the specimen in
Fig 4.9a and confirmed by the MCM (see Fig. 4.9b). Finally, sample 34
appears to have a higher MNP concentration, as confirmed both by the
photography in Fig. 4.10a as well as by our results in Fig. 4.10b

The 2D maps of MNP distribution in Fig. 4.8c, Fig. 4.9c and Fig.
4.10c, each normalized to its maximum value, allow us to see how the
MNP distribution changes along z and y axis in the areas where they are
present in greater amounts. Fig 4.8c shows that MNP are distributed al-
most homogeneously in the sample 1A, but they are in a limited part of
the scaffold. Conversely, the figure 4.9c referring to the sample 2A, shows a




4.5. DiscussioNn

67

larger presence of MNPs in the central region ( z ranging from 1.5 to 3 mm
and y between 1 and 3.5 mm). Sample 3A (see Fig. 4.10c), which contains
the largest amount of MNPs, has a homogeneous distribution along the
z and y axes like sample 1A, and in this case MNP fill almost the entire
scaffold.







Chapter

Conclusions

5.1 Conclusions

This thesis has dealt with the exploitation of THz imaging technologies
to non-invasive inspect and characterize materials of interest in food and
biomedical industries.

As for the non-destructive inspection of food products, 2D THz false color
images allow for effective identification of surface defects and contaminants
by exploiting the different reflectivity of the materials when they are illu-
minated by THz radiation. However, 2D THz false color images are not
informative in the case of packaged products, and other types of investiga-
tion are necessary to perform effective inspection of the food product and
detect any potential contaminants. To this end, the analysis of THz radar-
grams gathered in a number of controlled experiments has demonstrated
the capability of THz wave of passing through a wide variety of packaging
materials. Provided the THz signal is properly filtered, such a capability
allows to localize the presence of foreign bodies and to investigate vari-
ous layer contained within the sample. Further evidence of the ability of
detecting contaminants in food samples is provided by THz depth slices,
where the selection of appropriate time windows allows to separate differ-
ent layers of the objects under test at increasing depths.

These studies corroborate that THz imaging can be regarded as an alter-
native or complementary modality for the NDI of food products.
Regarding the first research activity, this thesis makes a contribution to the
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THz community by providing a procedure that enhance the capabilities of
THz imaging to solve practical issues in NDI (such as the developing of
ad-hoc measurement protocol, procedures aims to remove environmental
noise from the data, imaging techniques which allow to effective inspection
of the food samples). As an example, a performance assessment of THz
capabilities to inspect chocolate cream samples is provided.

The second research activity proposed a THz imaging strategy for non-
destructive inspection of composite materials, particularly MagS, com-
monly used in biomedical applications. This thesis provides a novel method
for non-destructive characterization of MagS, based on THz Imaging, which
has not been attempted before.

Notably, THz imaging, compared to the other techniques used to study
MagS, enables non-destructive characterization without the use of ionizing
radiation, as in MicroCTs, and with a less complex and laborious measure-
ment procedure (i.e., the samples were simply placed on the scanning area
of the THz system) compared to other techniques such as SEM and TEM.
The proposed approach enables a quantitative characterization of the ma-
terial’s thickness (A) and refractive index (7) along with the introduction
of two reference propagation times. The procedure allowed us to define
two indices, the magnetization index, I,,,, and the magnetization distribu-
tion index, I,,4, which take into account the areas where MNPs occur and
gave us information about the region where they are present in greater
quantities, respectively.

Regarding the second research activity, this thesis makes a contribution
by developing advanced THz imaging approaches which could be relevant
to materials scientists, bioengineers and clinicians who want to fabricate,
characterize and use MagS as multifunctional tools for tissue engineering,
drug delivery and hyperthermia. Furthermore, the results presented in this
thesis support the possibility of using THz technology to improve MagS
fabrication techniques.

5.2 Perspectives and future trends
The potential applications of THz imaging in the fields of food and

biomedical industry are being explored continuously. It is clear that there
is still a long way to go before this technology can be applied in industrial
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Figure 5.1. Maps of permittivity values of unbaked puff pastry. The first
map is the reference one, the subsequent ones showing the material’s THz
behavior when left at room temperature. Data was collected at 30-minute
intervals. The maps reveal that certain areas of the pastry gradually dry out
over time, resulting in a lower permittivity value.

processes, although the effectiveness of THz imaging has been demon-
strated for a large number of issues. In fact, the costs of THz instrumen-
tation are still very high, there are limits in the penetration depth that
can be investigated and the process is time consuming. So future research
is needed to develop fast and economical THz systems through the imple-
mentation of compact and more efficient instrumentation. Contributions
should be made to the development of a global reliable and standardized
database in order to improve the quantitative analysis, material identifi-
cation and to simplify the prediction and detection processes. Last, but
not least and more related to the scope of this work, there is significant
need for further development of more powerful signal processing routines
to allow for real-time analysis of THz time-domain signals. Despite the
limitations, THz imaging is establishing itself as a powerful tool for non-
destructive inspection, and for the next future its use is expected to be
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considered in a wide range of surveys and become more and more a con-
solidated technology.

The presented studies have opened up several challenges that are still ongo-
ing. For example, a promising area of research is the study of the variation
of the electromagnetic properties of doughs as a function of humidity. This
topic is relevant as for many types of raw dough, the water content is a fun-
damental parameter for quality evaluation. To this end, feasibility studies
were conducted on a sample of unbaked puff pastry. Figure 5.1 shows nine
maps of permittivity values of unbaked puff pastry. The first map is the
reference one, the subsequent ones showing the material’s THz behavior
when left at room temperature. Data was collected at 30-minute intervals.
The maps reveal that certain areas of the pastry gradually dry out over
time, resulting in a lower permittivity value.

These preliminary results have been encouraging and open up interesting
scenarios in the field of quality dough inspection and materials character-
ization.

Concerning the characterization of MagS, the proposed study addressed
opens new challenges aimed at 3D characterization of the MagS (i.e., eval-
uation of the volumetric distribution of the MNPs in the scaffold) which
would allow estimation of the concentration of the MNPs in the polymer
matrix.
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