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Abstract—Magnetic scaffolds (MagS) are 3-D composite mate-
rials, in which magnetic nanoparticles (MNPs) are used to load
a polymeric matrix. Due to their wide use in several medical
applications, there is an increasing demand of advanced techniques
for nondestructive quality assessment procedures aimed at verify-
ing the absence of defects and, more generally, dedicated to the
characterization of MagS. In this framework, the use of terahertz
(THz) waves for nondestructive characterization of multifunctional
scaffolds represents an open challenge for the scientific community.
This article deals with an approach for the characterization of
MagS by means of a THz time-domain system used in reflection
mode. THz analyzes are performed on poly-caprolactone (PCL)
scaffolds magnetized with iron oxide (Fe3O4) MNPs through a
drop-casting deposition and tuned to obtain different distributions
of MNP in the biomaterial. The proposed data processing approach
allows a quantitative characterization of the MagS, in terms of their
(estimated) thickness and refractive index. Moreover, the proposed
procedure allows us to identify the areas of the scaffold wherein
MNP are mainly concentrated, and thus, it gives us information
about MNP spatial distribution.

Index Terms—Composite materials, magnetic nanoparticles
(MNPs), nondestructive inspection, terahertz (THz) imaging.

I. INTRODUCTION

COMPOSITE materials are a combination of two or more
materials that differ in terms of chemical or physical

properties and are merged to create a new material having a sep-
arate and distinct final structure [1], [2], [3], [4]. Polymer-based
composite materials have emerged as an interesting alternative
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to other materials (i.e., metals, plastics, and ceramics) in several
applications, thanks to their mechanical properties, flexibility,
and structural integrity [5]. However, it is worth noting that the
physical and chemical manufacturing routes of composite mate-
rials are complex [6], [7], [8]. In this regard, it is ever-increasing
the demand for effective, possibly nondestructive procedures for
quality assessment [5]. Among composite materials, magnetic
polymer-based scaffolds raised a huge interest due to their wide
use in several medical applications, such as cancer therapy [9],
tissue engineering [10], and drug delivery [11]. A magnetic
scaffold (MagS) can be obtained by physical loading of magnetic
nanoparticles (MNPs) into a polymeric matrix to obtain a multi-
functional and theranostic device [12], [13], [14]. The advantage
of MagS is that they can be controlled using an external magnetic
field, which makes them appealing for applications in which the
scaffold must be implanted in vivo, such as tissue repair [15].
Furthermore, MagS can target and control the delivery of soluble
factors, such as growth factors, hormones, and peptides directly
to the implantation site under the magnetic field to improve the
fixation and stability of implant [16] and has good mechanical
properties [17] and excellent biocompatibility [18]. However the
production process of MagS is often associated to a nonuniform
final spatial distribution of MNPs in the polymeric matrix [19],
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 nonde-
structive characterization of MNP distribution in the polymeric
matrix.

Currently, several methods are exploited to analyze MagS,
such as microcomputed tomography (MicroCTs) [20], [21],
scanning electron microscope (SEM) [22], [23], [24], and trans-
mission electron microscopy (TEM) [22], [25], [26] 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 [20], [21]. The
images obtained through the Micro-CT system scan allows for
the 3-D reconstruction of the nanocomposite fibers and, hence,
the distribution of MNPs along the fibers [20]. X-rays systems
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 [27].
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SEM uses a focused beam of high-energy electrons to generate
a variety of signals at the surface of solid specimens. The signals
derived from electron-sample interactions reveal information
about the sample including surface morphology (texture). The
shape and the porosity of MagS were observed by SEM images
in several works available in the literature [22], [23], [24], [28].
However, SEMs are expensive and must be housed in an area
free of any possible electric, magnetic, or vibration interference.
Moreover, to investigate the sample in depth, slicing and destruc-
tive preparation are needed [29].

TEM is a microscopy technique in which a beam of electrons
is transmitted 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 structure and
texture [30]. This type of technique has been used to explore the
morphology of the MNPs distributed along the fibers of the scaf-
folds [22], [25], [26]. However, to obtain a TEM image, samples
must be sliced thin enough for electrons to pass through (i.e.,
usually the specimens has an ultrathin section less than 100 nm).
Therefore, nondestructive 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 [29].

Thanks to its unique properties, terahertz (THz) imaging
may represent a potential candidate for MagS nondestructive
characterization. THz are electromagnetic (EM) waves ranging
from 0.1 to 10 THz (wavelength from 3 mm to 30μm), which are
able to penetrate a wide range of nonconducting materials, e.g.,
plastics, polymers, ceramics, wood, and glass [31], just to name
a few. THz waves are nonionizing, thus allowing nondestructive
inspection of the materials without requiring specific security
protocols. Various applications of THz waves have been reported
in many fields, including medical diagnosis [32], pharmaceutical
analysis [33], security enhancement [34], cultural heritage [35],
and food quality control [36]. However, THz waves are strongly
attenuated by water and suffer from the environmental condi-
tions, such as humidity [37].

One of the most promising applications of THz technolo-
gies [38] is the nondestructive evaluation of composite materi-
als [37], [39], [40], [41], [42], [43], [44], [45], [46]. In particular,
a number of efforts have been dedicated to nondestructive eval-
uation of polymeric (dielectric) scaffolds [47], [48], [49]. THz
technology has been exploited for the detection of damages, such
as nonimpregnated areas in polymer composite materials [37],
[50], [51], or for the evaluation of the porosity of the polymeric
matrix [5]. Considering the abovementioned framework, this
article presents a method for the nondestructive characterization
of MagS and the determination of the distribution of MNP in the
polymer matrix, using THz technology. It is worth noting that
although THz technology is well known for the nondestructive
testing of composite materials, to the best of the authors’ knowl-
edge, its application to MagS is a new challenge that has not
yet been thoroughly investigated by the scientific community.

This article describes the procedure used in [52], [53], and
[54], where THz imaging was applied to MagS for the first
time. A measurement protocol is developed for the quantitative
characterization of MagS, allowing estimation of thickness (Δ)
and refractive index (η). The 2-D distribution of MNPs in the
MagS is determined using an ad hoc procedure based on the
analysis of THz data collected during the experiments and the
use of reference time-of-flight (ToF) values calculated consid-
ering homogeneous ideal scaffolds. In order to characterize the
spatial distribution of the MNPs two indices are introduced: 1)
the magnetization index (Im), which accounts for the amount
of MNP in the scaffolds; 2) the magnetization distribution index
(Imd), which takes into account the areas where MNP are more
concentrated (with respect to a homogeneous distribution of
MNP in the scaffold). 2-D maps are presented to visually detect
the presence of MNP in MagS and to identify the areas where
MNP are most concentrated and their distribution in the polymer
matrix.

The rest of this article is organized as follows. Section II
introduces the general concept of MagS with a specific focus
on our case studies, Section III describes the ToF sensing prin-
ciple, the measurement system, the data filtering used, and the
measurement protocol applied to the laboratory case studies.
Section IV is devoted to describe the strategy adopted to deter-
mine the thickness, the refractive index, and the MNPs spatial
distribution of MagS. In Section V, the results are presented. The
discussion follows in Section VI. Finally, Section VII concludes
this article.

II. MATERIALS

A. Magnetic Scaffolds

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

It is well known that polymer scaffolds used for tissue en-
gineering should possess proper architecture and mechanical
properties to support cell adhesion, proliferation, and differen-
tiation [55]. Typical scaffold designs have included meshes and
fibers; these designs are chosen because they promote uniform
cell distribution, diffusion of nutrients, and the growth of or-
ganized cell communities [56]. 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 [57].

Regarding the process of incorporation of MNP into the
polymer matrix, 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 [52].

B. Laboratory Case Studies

Polymeric scaffolds produced by 3-D Biotek (3-D Biotek
LLC) have been considered in this study. The set of 3D-Insert
are constituted by a 90◦-interlaced fiber architecture, with a
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Fig. 1. (a) 3D-Insert consisting of a 90◦-interlaced fiber architecture, with a
fiber diameter of 300 μm, spaced by 300 μm. (b) Image of the 3-D structure of
the scaffold.

Fig. 2. Photos of the samples. (a) scaffold without MNPs named sample 0 A.
(b)–(d) Scaffolds with a different amount of MNPs and referred as sample 1 A,
2 A, and 3 A, respectively.

fiber diameter of 300 μm, spaced by 300 μm, resulting in a
nominal porosity of about 80% [see Fig. 1(a)]. These standard
poly-caprolactone (PCL) disks have a 5 mm diameter. A repre-
sentative image of the 3-D structure of the scaffold is shown in
Fig. 1(b). The drop-casting deposition is tuned to obtain different
distributions of MNPs in the biomaterial as described in [52].
The four MagS analyzed in this study are shown in Fig. 2, where
the sample named 0 A does not contain MNPs and is used as
reference.

III. METHODS

A. Sensing Principle of the Measures

THz pulsed imaging, also known as THz ToF imaging, has the
unique property of providing a 3-D map of the object under test
by exploiting THz data collected in reflection mode [58]. This
technique was used for the first time by Mittleman and coworkers
to produce the internal structure of a 3.5 in floppy disk [59]. In
brief, the object is probed by a pulsed signal and the reflected
waveform is collected as a time-dependent function within a
certain observation time window by using a THz time-domain
system (TDS) configuration.

By plotting the gathered waveform referred to a measurement
point, a trace showing the amplitude-time of the reflected signal
over the target (called A-scan) is obtained, which accounts for
the reflection from the object surface and its inner EM features

Fig. 3. ToF sensing principle: probing THz pulse (left upper panel); pulse
interaction with a multilayer sample (right upper panel); collected THz signal
due to the multilayer sample (lower panel).

(if the object is nonmetallic) [60] (see Fig. 3). The vertical axis of
the A-scan represents the amplitude of the signal, the horizontal
axis is the time axis and represents the ToF, that is, the time t
that the waveform employs to propagate from the emitter to an
EM discontinuity and to go back to the receiver. The ToF t is
related to the distance d between THz probes and the detected
discontinuities as

t =
2 d

v
. (1)

v being the EM wave propagation velocity into the object.
It is worth to pointing out that, starting from the measured

signals, several THz images can be generated, each one revealing
a different feature of the analyzed sample. For example, an
image obtained by plotting the temporal position of the first peak
of the gathered waveforms at each measurement point, reveals
differences in the refractive index and the surface tomography
of the sample [61]. Furthermore, by plotting, pixel by pixel, the
signal amplitude occurring in a specific time window, a THz false
color image is derived, which accounts for the inner features of
the object.

The effectiveness of THz imaging and, more generally, of
EM diagnostics benefits from a data processing tool aimed at
improving the imaging performance of the hardware device. In
fact, undesired signals, like noise and clutter, corrupt the useful
data and, thus, the imaging capabilities. Therefore, data filtering
procedures are useful to reduce noise and clutter and improve
the imaging results.

B. Measurement System and Filtering Procedure

THz data have been collected by means of the fiber coupled
THz time domain (FiCO), shown in Fig. 4. The system consists
of the following three main components:

1) the FiCO base unit;
2) emitter and receiver heads;
3) the laser source.
The laser source is a free-space pulsed laser working at

1560 nm with average power higher than 200 mW and it acts as
primary source. The laser signal is driven into FiCO base unit
by means of two steering mirrors. The FiCO base unit splits
the input signal into a pump and probe beam used to generate
THz waves and it is connected the emitter and receiver heads
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Fig. 4. Zomega Fico system. (a) Global view. (b) Primary laser source and
optical delay line. (c) Purge chamber. (d) Imaging module.

Fig. 5. Signal Filtering Procedure: Step 1-BPF; Step 2-Filtering procedure
based on the data matrix SVD.

by means of fiber optic cables. The system collects data in the
nominal frequency range from 80 GHz up to 3 THz (lower and
higher frequency signal components are overlapped by noise)
and the estimated THz beam size at the focal point is about
1 mm. The system is equipped with an ad hoc designed imaging
module, which allows measurements in normal reflection mode.
In particular, the object under test is positioned on a movable
platform, which automatically scans a 150 mm × 150 mm
maximum area with a minimum spatial offset of 0.12 mm, and it
is located at the focal distance by manually adjusting the height
of the THz normal reflection module. 3-D data (2-D in space
+ 1-D in time) are collected within a 100 ps observation time
window. 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. The data can be visualized and processed
after the measurement stage.

Concerning data processing, an ad hoc strategy has been
designed in order to filter data and visualize THz images. This
strategy involves two different steps in time-domain aimed at
reducing noise and filtering out undesired signal introduced by
the adopted THz system, as shown in the flow chart in Fig. 5. The
first step aims at removing the undesired low and high-frequency
signal components and it is made up of a frequency band-pass

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

Fig. 7. Different fibers orientations used to carry out the measurement.
(a) Starting position α = 0◦. (b) Rotaded by 45◦. (c) Rotaded by 90◦.

filter (BPF) procedure selecting the signal components in the
range 80 GHz–3 THz. The second step is a noise filtering
procedure based on the singular value decomposition (SVD)
of the band pass filtered data matrix. The SVD data filtering
procedure, which is detailed in [35], filters the noise out, while
preserves the image details, by using a suitable threshold Tsvd.
A good choice is to set Tsvd in such way that the energy of
the filtered data matrix is about the 90%–95% of the energy of
the collected data matrix [62]. In the case of THz imaging, as
shown in [35], it is observed that, the singular spectrum of a
generic data matrix is characterized by a fast decay followed
by a smooth (almost constant) behavior of the singular values.
Accordingly, Tsvd is chosen as the index of the singular value
in correspondence of the point where the spectrum changes its
slope, i.e., the index of the singular value where the fast decay
of the singular values is followed by the smooth one.

C. Measurement Protocol

The procedure used to carry out the measurements of the
samples under test (SuT) can be summarized in the following
step.

1) The samples are placed on a metal plate in order to have
a unique temporal and spatial reference [see Fig. 6(a)].
This choice is useful because the metal totally reflects the
signal passing through the sample allowing us to identify
the time corresponding to summarized in Fig. 6(b). The
samples are analyzed by collecting data on both sides (up
and down) and with three different fibers orientations (see
Fig. 7). In particular, the specimens are measured with the
fibers oriented as shown in Fig. 7(a) (the starting position
α = 0◦, where α is the angle between the fiber shown in
red in Fig. 7 and the y-axis), rotated by 45◦ [α = 45◦, see
Fig. 7(b)] and by 90◦ [α = 90◦, Fig. 7(c)], with respect to
the initial position.
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TABLE I
THICKNESS OF THE MAGS

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 Section II-B that can affect the propagation time
of the THz signal within the object. The polymer matrix, as
shown in Fig. 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 environ-
ment conditions 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 × 10 mm area with a
0.12 mm spatial offset along x 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
dataset was less than 5 min, while the processing time was about
a couple of minutes. Of course, such a time is not negligible
but, in our opinion, is reasonable for high-precision laboratory
measurements.

Moreover, the thickness of the samples in Fig. 2, say dm, are
shown in Table I. Such values were measured by means of a
manual gauge, having an accuracy of about 10−1 mm.

IV. CHARACTERIZATION OF THE MAGS

This section is devoted to describe the approach to charac-
terized the MagS, which can be summarized in the following
steps:

1) estimation of the thickness (Δ);
2) estimation of the refractive index (η);
3) evaluation of the 2-D MNPs distribution map (MDM);
a) definition of THz propagation delay map (PDM);
b) definition of the magnetization index (Im);
c) definition of THz reference propagation times (tM , tNM);
d) definition of magnetization concentration mask (MCM);
e) definition of the magnetization distribution index (Imd);
The approach is applied to the filtered THz data obtained as

described in Section III-B. All THz data processing is done by
using MATLAB codes.

A. Thickness Estimation

The thickness of the SuT (Δ, in mm), is computed by using
the ToF formula, see (1). In particular, it is estimated as the

Fig. 8. d1 is the distance between the emitter/receiver and the metal plate. d2
is the distance between the emitter/receiver and the surface of the scaffold. Δ is
the thickness of the object.

Fig. 9. (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 t1, highlighted by a red circle, is derived.
(c) Averaged A Scan used to derive the value of t2 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.

difference between the distance from the emitter/receiver to the
metallic surface on which the samples are placed, say d1, and
the distance between the emitter/receiver and the sample surface,
i.e., the top of the scaffold, say d2 (see Fig. 8). The distances d1
and d2 are computed according to the ToF formula (1)

di =
c · ti
2

(2)

with i = 1, 2; where c is the speed of light in the vacuum (m/s)
and ti is the time, in ps that the waveform employs to propagate
from the emitter to the metal plate (t1) or to the top of the scaffold
(t2) and go back to the receiver.

The time t1 has been estimated from the A-Scan obtained
by averaging 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. 9(a)]. This A-Scan takes into account
the waveforms collected outside the sample, and t1 is identified
as the first minimum, calculated going back in time, starting
from the peak of the reflected signal due to air-metal interface
[see Fig. 9(b)].

The time t2 is estimated from the A-Scan obtained by aver-
aging the collected waveforms of the scanned area intercepting
the scaffold, and referred to as internal area [see Fig. 9(a)]. In
particular, t2 is identified as the first minimum value, just before
the peak due to air-sample interface [see Fig. 9(c)]. Once the
two distances have been estimated, it is possible to estimate the
thickness of the scaffold Δ = d1 − d2.

B. Refractive Index Estimation

The second step involves the identification of the refractive
index (η) of the analyzed samples and allows the characterization
of the SuT from an EM point of view. Considering that MagS is
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not homogeneous, the term refractive index denotes the effective
refractive index. This value, once again, is derived from the ToF
formula (1). Let v be the EM wave propagation velocity into
the object, it is given by v = c

η . Hence, the refractive index η is
derived as

η =
c · t4
2 ·Δ (3)

whereΔ 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 t2 corresponding to
the peak referred to top face of the scaffold [see Fig. 9(c)].

C. MNPs Spatial Distribution Estimation

To extract the spatial distribution of MNPs in the polymeric
matrix, the THz PDM of the SuT is first derived. PDM is a 2-D
image representing the propagation time delay of the THz wave
due to the presence of MNPs into the scaffold. Such map is a
2-D differential image obtained by subtracting, for each pixel,
the propagation time referred to the sample under test and a
reference propagation time (tNM) computed by considering an
ideal homogeneous scaffold having the same thickness of the
surveyed one but being without MNPs. The propagation 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 the signal
propagation occurs and it is, therefore, affected by the presence
and the amount of MNPs. The reference propagation time (tNM)
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 0 A in Fig. 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 (Im),
synthetically encoding the amount of MNPs present in the SuT
(with respect to a homogeneous reference). The Im 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. 9(a)]

Im =

∑N,M
i,j=1(xi,j > 0)

P
(4)

being xi,j is the pixel considering and N ×M is the dimension
of the image.

Furthermore, the areas where the MNP are mainly concen-
trated are retrieved by introducing a threshold T defined by the
difference between the times of flight of the reference scaffold
without MNPs (tNM) and the ToF for the one homogeneously
loaded with MNPs (tM ). This latter is derived using the ToF

formula [ see (1)] where Δ is the thickness of the SuT and v is
the EM wave velocity in an object having the refractive index η
estimated for the SuT. The value T is used to threshold the PDM
and to obtain a binary magnetization map, which is referred
to as MCM. In this map, the pixels where the propagation
time is larger than T 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 (Imd), 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 Imd value has been
calculated as the ratio between the number of pixels where
the propagation time is larger than T and the total number of
pixels P

Imd =

∑N,M
i,j=1(xi,j > T )

P
(5)

being xi,j , N , and M defined as above.
Finally, the 2-D MNPs distribution map (MDM) is retrived

by multiplying 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 us
to distinguish the areas of the SuT where MNPs are mostly
concentrated and to detect how the distribution of the MNPs
changes along x and y directions.

V. THZ RESULTS OF THE CASE STUDIES

The results obtained for the MagS introduced in Section II-B
(see Fig. 2) using the procedures detailed in Section IV are
reported in this section.

Table II shows the time t1, and the values t2 and t3, derived
from the A-scans described in Section IV-A and IV-B, for the six
measurement set up [see Fig. 6(b)]. These values were used to
derive the thickness Δ and refractive index η shown in Table III,
for measurement 1 to 6. In addition, for each sample the results
of Δ and η were averaged:

1) Mup contains the average values of measurements 1–2–3
(i.e., sample upwards with three different fibre orienta-
tions: α = 0◦, 90◦, 45◦);

2) Mdown contains the average of measurements 4–5–6 (i.e.,
sample downwards with three different fibre orientations:
α = 0◦, 90◦, 45◦);

3) Mtot contains the average of all six measurements.
Table IV compares the average thickness values derived from

THz data (Δ), referred to all the six measurements (Mtot), with
those measured by means of a manual gauge (dm), having an
accuracy of about 10−1 mm. Table V shows at its first row the
THz propagation times of the reference samples without MNPs
(tNM) exploited to derive the PDMs in Fig. 10, referring to the
sample 1 A, 2 A, and 3 A.

The second row of Table V contains the instant times tM
referred to the scaffolds homogeneously loaded with MNPs that
allow us to obtain the threshold T (see the third row of Table V)
used to retrieve the MCMs shown in Figs. 11(b), 12(b), and
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TABLE II
TIMES OF FLIGHT

TABLE III
ESTIMATED THICKNESS AND REFRACTIVE INDEX OF THE SUT.

TABLE IV
MEASURED THICKNESS AND ESTIMATED AVERAGED THICKNESS.

TABLE V
TOF OF THE REFERENCE SCAFFOLD WITHOUT MNP; TOF OF THE REFERENCE

SCAFFOLD HOMOGENEOUSLY LOADED WITH MNP; THRESHOLDS

13(b). Table VI contains the magnetization index (Im) and the
magnetization distribution index (Imd).

The 2-D MDM are in Figs. 11(c), 12(c), and 13(c), where the
optical image of the corresponding MagS is also shown.

Fig. 10. PDM. (a) 1 A. (b) 2 A. (c) 3 A.

TABLE VI
MAGNETIZATION INDEX AND MAGNETIZATION DISTRIBUTION INDEX
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Fig. 11. (a) Photograph of the MagS 1 A. (b) MCM 1 A. (c) 2-D MDM 1 A.

Fig. 12. (a) Photograph of the MagS 2 A. (b) MCM 2 A. (c) 2-D MDM 2 A.

VI. DISCUSSION

THz data referred to the six measurement setups shown in
Table II have been used to estimate Δ and η, and the results are
presented in Table III.

As shown in Table III, small variations in the results occur
due to the different 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 fibers affect the ToF, which depends on
the mutual position of the fibers and on their orientation with
respect to the emitter and the receiver.

There are also small variations in the results of Δ and η, as
shown from the row 1 to 6 in Table III, due to the fact that such

Fig. 13. (a) Photograph of the MagS 3 A. (b) MCM 3 A. (c) 2-D MDM 3 A.

values are computed from the instant times t1, t2, and t3 (see
Sections IV-A and IV-B).

Table III shows the estimated values of Δ and η for the single
measure (from rows 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 Section
IV-A is demonstrated by comparing the averaged values es-
timated from THz data Δ (i.e., referred to Mtot), and the
values measured by the manual gauge dm having accuracy
of about 10−1 mm. Table IV demonstrates that the pro-
posed method gives good results considering the accuracy
of the manual gauge. It is worth noting that, as shown in
Table III, the sample without MNPs (i.e., 0 A) has the lowest η
value, as expected, while the other samples show an increasing
trend. In particular, sample 3 A is characterized by the high-
est η value and this is compliant with the largest amount of
MNPs.

The PDMs shown in Fig. 10 contain the THz propagation
delay, in ps, introduced by the presence of MNP and allow the
introduction of the magnetization indices, Im, shown in the first
row of Table VI. The obtained results state, as foreseeable, that
when the amount of MNP increases also η increases, while Im
approaches to 1. Moreover, the results referred to Imd (see second
row of Table VI) show that higher Imd 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 1 A in Fig. 11(a), it is possible
to note that there is a higher MNP concentration in the center, as
confirmed by the MCM in Fig. 11(b). Similarly, for the sample
2 A, the MNPs are present in lower amounts at the edges, while
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they are present in higher amounts in the other parts of the
scaffolds, as shown in the photo of the specimen in Fig. 12(a)
and confirmed by the MCM [see Fig. 12(b)]. Finally, sample
3 A appears to have a higher MNP concentration, as confirmed
by the photography in Fig. 13(a) as well as by our results in
Fig. 13(b).

The 2-D maps of MNP distribution in Figs. 11(c), 12(c), and
13(c), each normalized to its maximum value, allow us to see
how the MNP distribution changes along x- and y-axis in the
areas where they are present in greater amounts. Fig. 11(c) shows
that MNP are distributed almost homogeneously in the sample
1 A, but they are in a limited part of the scaffold. Conversely,
Fig. 12(c), referring to the sample 2 A, shows a larger presence
of MNPs in the central region (x ranging from 1.5 to 3 mm
and y between 1 and 3.5 mm). Sample 3 A [see Fig. 13(c)],
which contains the largest amount of MNPs, has a homogeneous
distribution along the x and y axes like sample 1 A, and in this
case MNP fill almost the entire scaffold.

VII. CONCLUSION

This article has proposed a strategy exploiting THz technol-
ogy for nondestructive inspection of composite materials, espe-
cially MagS, which are used in various biomedical applications.

The presented approach allows a quantitative characterization
providing an estimate of the thickness (Δ) and refractive index
(η) of the MagS. In addition, two reference propagation time
are introduced. The procedure allows us to define two indices,
the magnetization index, Im, and the magnetization distribution
index, Imd, which take into account the areas where MNPs occur
and give us information about the region where they are present
in greater quantities, respectively.

It is worth noting that THz imaging enables nondestructive
characterization without the use of ionizing radiation, as in
MicroCTs, and with a less complex and laborious measurement
procedure (i.e., the samples are simply placed on the scanning
area of the THz system) compared to other techniques, such
as SEM and TEM. Furthermore, unlike other nondestructive
techniques, THz ToF imaging has the advantage of allowing a
3-D characterization of the object under test.

To the best of authors’ knowledge, this article presents a novel
method based on the use of THz nondestructive characterization
of MagS used for biomedical applications. The proposed ap-
proach and the results 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. The results presented in this
article support the possibility of using THz technology to im-
prove MagS fabrication techniques. Moreover, they open new
challenges aimed at 3-D characterization of the MagS (i.e.,
evaluation 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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