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ABSTRACT: The use of additive manufacturing for the manufacturing of complex materials requires suitable characterization methods.
A free-space measurement method is used for the real permittivity characterization. Depending on the considered printing pattern, the
experimental result shows good agreement with theoretical values calculated using mixing laws. The setup gives promising results with
characterizations of the permittivity, and it highlights the importance of taking into account the printing pattern used according to the

desired effective permittivity.

1. INTRODUCTION

dditive manufacturing (AM) is a recent 3D printing tech-
Anology that is gaining popularity in the scientific commu-
nity and so has been largely developed to produce objects and
materials. The speed, simplicity, and low cost of this technique
has attracted a lot of interest. In particular, the manufacturing
of structured and complex-shaped materials is interesting in the
field of electromagnetism for the manufacturing of waveguides
[1], antennas [2], or even lenses [3]. Among the different meth-
ods for AM, Fuse Deposition Modeling (FDM) [4] is one of the
simplest: the material is in the form of heated wire filament de-
posited onto a platform, layer by layer. One of the key advan-
tages of AM is its ability to control the structure of the material
at a mesoscopic scale, which is relevant to achieving effective
properties in the microwave domain.

However, this method has one disadvantage that cannot
be overlooked for electromagnetic applications: the precise
knowledge of the effective properties of the printed materi-
als. Ref. [5] clearly shows that the properties of a material re-
sulting from printing with a 100% fill parameter differ from
those of the same massive material. This discrepancy is re-
lated to the microstructure of the object, which in turn depends
on the manufacturing method: the presence of air inclusions
in the printed material is intrinsic to the manufacturing tech-
nique and therefore influences the effective properties of the
material as shown by [1]. Printing parameters such as the print-
ing pattern have a significant impact on the effective permittiv-
ity and permeability of the material and can even participate
in the creation of these unwanted inclusions [6,7]. In addi-
tion to these difficulties, the use of additive manufacturing is
becoming more complex to meet new challenges: it allows a
range of effective material permittivity (or permeability) to be
achieved by mixing printable materials [8] or by varying the
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fill rate [2,3,9-11]. The characterization of these materials is
therefore an essential issue to be addressed. Most techniques
used today to experimentally characterize the permittivity (¢)
and permeability (u) of additively manufactured materials are
destructive or require the printing of small samples. The two
most widely represented types of techniques are resonant meth-
ods [5,9,12,13] and waveguide methods [7, 10, 14—18]. Al-
though these two types of characterization methods are the most
accurate as demonstrated by [12], other alternative destructive
methods are also developed, including microstrip characteriza-
tions [6, 19]. All these methods give a mean value of electro-
magnetic properties of the sample. For measuring inhomoge-
neous properties, the emergence of new control methods as in
[20] is also worth noting. They use a resonant method for in
situ characterization or simulation with inter-comparison with
mixing laws to determine a permittivity profile in [2]. To the
authors’ knowledge, few studies have been dedicated to free-
space Non-Destructive Techniques (NDTs) on AM materials
and even fewer on materials with heterogeneous permittivity
and/or permeability. This paper aims to present the result ob-
tained using an alternative characterization method [21, 22] that
brings together the last two points mentioned, namely a free-
space method on intermediate-sized samples of materials with
heterogeneous magneto-dielectric properties.

We will briefly present the principle of the measurement
method, experimental setup, and its associated method to re-
construct the permittivity and permeability. The AM samples
and their experimental characterization will then be presented,
discussed, and compared to several mixing laws. This will be
followed by a discussion on the relevance of the method and the
importance of taking into account the microstructure to predict
the effective properties of a material produced by additive man-
ufacturing.

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERM25031904

rPIERM

Scotti et al.

2. CHARACTERIZATION METHOD: MEASURING DE-
VICE AND ASSOCIATED METHOD

The characterization method is detailed in [21, 22]. For the pur-
poses of this article, we will explain it without going into the
details.

Characterization is based on the inversion of a diffraction
problem. The considered objects are made up of strips of
known geometric parameters and unknown electromagnetic pa-
rameters arranged on a metal cylinder, derived from Maxwell’s
equations. The model used is given by the equation presented
below, which assumes the classical Born approximation of the
diffraction integral equation problem.
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The aim is to extract the contrast in dielectric x g and mag-
netic x g properties from which we can deduce ¢ = 1+ x g and
1 =14 x . For this, we obviously need to know all the other
terms of the equation.

In the left member of (1), the fields Sg?es and ijes are ob-
tained by measurements using the free-space characterization
device in two different configurations: in configuration B when
the material under test (MUT) is in the domain of interest and in
configuration A when there is only the bare metal cylinder. The
difference in the left member of (1) gives us the field diffracted
by the MUT only.

In the right member, the only terms we need to know are
the Green functions G g and G i for configuration A computed
using finite element software (COMSOL MULTI-PHYSICS®).

We carry out a calibration measurement in addition to the
two aforementioned measurements (configurations A and B).
This allows us to calibrate the powers of the measured fields
with respect to the simulated one. From the knowledge of the
experimental and simulated fields, Eq.( 1) gives a linear system
to be inverted to obtain x g and xg.

The measuring device is a monostatic bench placed in an ane-
choic chamber. As shown in Fig. 1, it consists of a horn antenna
operating from 2 GHz to 18 GHz and placed in front of a mobile
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FIGURE 1. Sketch of the experimental setup with the transmitter-
receiver antenna (gray), the sample holder (green) and multiple MUT
(red) placed on the sample holder.
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sample holder. The antenna is connected to a Power Network
Analyzer (PNA) placed outside of the chamber by coaxial ca-
bles. The antenna is placed 1 m from the center of the sample
holder and positioned so that the center of its focal spot corre-
sponds to the mid-height of the cylinder. The sample holder is
ametallic cylinder with dimensions of 800 x 124 mm? in height
and radius. The cylinder is motorized to perform a automated
computer-controlled rotation 6 so that MUT is illuminated from
several angles, making it possible to acquire information in or-
der to retrieve the heterogeneous properties of the MUT.

The samples are illuminated by an incident field linearly po-
larized parallel to the axis of revolution of the support cylinder
which propagates in the yz plane. In order to maximize the ex-
citation of the sample to be measured, the MUT must be placed
in an antinode of the corresponding relevant field: in a mag-
netic field antinode for permeability retrieval and in an electric
field antinode for permittivity retrieval. A magnetic field antin-
ode is located on the surface of the metal cylinder, and an elec-
tric field antinode is located at a distance of \/4 from the sur-
face of the cylinder. Some spacer devices were manufactured
to place the sample at a distance /4 at the frequency 3.5 GHz.
Therefore, characterizations are performed at this frequency.
The choice of 3.5 GHz is due to a compromise between choos-
ing a frequency far from the low operating frequency of the
corner antenna used in order to obtain satisfactory antenna per-
formance and the possibility of performing magneto-dielectric
characterization; if necessary, we must place ourselves in a fre-
quency band where possible magnetic properties could also ex-
ist [23, 24].

The setup model assumes an invariance along the z axis of
the metal cylinder. The properties are thus retrieved as a func-
tion of r, 6. Moreover, the materials are assumed to be invariant
in their thickness, so retrieval is only 1D according to the vari-
able 6 as represented on Fig. 2, with 6 varying from 0° to 360°.
Because not the whole surface of the support is covered by ma-
terials, the measured properties are spatially inhomogeneous:
the retrieved properties from 6 = 0° to § = 360° will show the
values of air on each side of the value of the centered MUT (at
approximately 6 = 180°).
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FIGURE 2. Sketch of the 1D model used to retrieve the permittivity.
The structure is invariant along the z-axis and assumed homogeneous
in the thickness of the sample along the r-axis.
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In this article, the materials considered are strips made by ad-
ditive manufacturing. We consider that each strip of AM ma-
terial is homogeneous at the wavelength (\) scale considered
because its microstructure is sufficiently small compared to A.
By juxtaposing one or more strips around the support cylinder
in this way as illustrated in Fig. 1, we obtain a artificial hetero-
geneous material consisting of AM strips separated by air or
positioned next to each other, in other words a piecewise con-
stant permittivity and/or permeability according to 6, which we
will consider as heterogeneous properties over the angular sec-
tor 0 to 360°.

The setup’s ability to retrieve p and e properties of homo-
geneous and heterogeneous massive materials has been deter-
mined in previous studies [21,22]. Fig. 3 shows the characteri-
zation of two samples of bulk polylactic acid (PLA), which is a
dielectric material assumed to be lossless, with different thick-
nesses. The real part of the materials is well reconstructed for
both thicknesses. However, the imaginary part is correct only
for the thinnest sample. This can be explained by the validity
domain of the Born approximation. The first observed conse-
quence of being out of this validity domain is a nonphysical
increase of the imaginary part of the permittivity. This approx-
imation is valid when measuring a weakly scattering material.
The scattering power of a material increases with its geomet-
ric characteristics and its index. As can be seen in Fig. 3, at
the same index but different thicknesses, too high a scattering
power makes the Born approximation invalid. The validity do-
main of the approximation was discussed in [25]. Throughout
the remainder of this article, we will use low index composites
printed with lossless PLA in order to place ourselves in the con-
ditions of validity of the Born approximation. The imaginary
part will therefore no longer be exploited.
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FIGURE 3. Reconstruction of the real part (on the left) and the imagi-
nary part (on the right) of the permittivity of two bulk PLA test pieces
produced by additive manufacturing with two different thicknesses:
the 2 mm thick test piece (red) and the 5 mm thick test piece (blue).
PLA considered lossless, only the real permittivity is compared to
coaxial line characterization of bulk samples, represented by the er-
ror bar.

3. ADDITIVE MANUFACTURING AND SAMPLES

The aim of this study was to examine the material properties of
objects made by additive manufacturing with an NDT method.
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The versatility of AM to create various material structures has
been widely exploited. A panel of bulk materials combined
with various meso-structures drastically enhance the possibil-
ities for designing composite materials with a broad range of
electromagnetic properties.

The manufactured samples consist of strips of printed mate-
rials. Each strip is characterized by its thickness, microstruc-
ture pattern, and material electromagnetic properties. The mi-
crostructure consists of two bulk materials: air and printed ma-
terial. The effective properties of each strip can be considered
as spatially constant, meaning that the microstructure is homog-
enizable at the considered wavelength. By arranging one or
more strips on the metal cylinder support, a piecewise homoge-
neous material is constituted. The overall material, designated
Material Under Test (MUT), is thus inhomogeneous.

The strips are made using the PRUSA slicer for a printer
equipped with a 0.4 mm diameter nozzle. The structures are
generated for layer heights of 100 um and bead widths of
450 um. The width of the unit pattern is therefore determined
by the desired filling rate and bead width. To evaluate only the
structure, the pattern is printed without perimeter layers (no up-
per, lower, left and right layer). A lower layer may however be
necessary to ensure the mechanical strength of the strip due to
the lack of a frame around the structure of interest (like for the
H and V samples that will be defined later in this article).

The printed material used for this article is PLA of permit-
tivity e = 2.8 — j0 (and p = 1 — j0). Several strips were man-
ufactured with this printed material: Table 1 details the charac-
teristics of the different types of strips available.

TABLE 1. Manufactured strips: The first column shows the denom-
ination of the strips which summarize its characteristics. We used 4
different filling patterns given in column 2: gyroid (G). honeycomb
(N). horizontal lines (H) and vertical lines (V). Fig. 4 shows strip of
each filling pattern. Column 3 gives the thickness of each strip.

Denom Pattern Thickness (mm)
Glp-1 gyroid 4.6
Glp-2 gyroid 4.6
G5 gyroid 5
G2p gyroid 9.2
Nlp honeycomb 4.6
N2p honeycomb 9.2
Hlp horiz 4.6
H5 horiz 5
H2p horiz 9.2
Vip vert 4.6
V5 vert 5
V2p vert 9.2

To guarantee the isotropic behavior of the gyroid, it is neces-
sary to have a complete number of periods. Using a 0.4 mm
nozzle and a 25% fill rate gives a period thickness of p =
4.6 mm. For all the microstructures, we chose to work on strips
whose thickness is equal to one period (called 1p), to two pe-
riods (called 2p) and for some an intermediate thickness 5 mm
(called 5). Strips Glp-1 and Glp-2 are two different samples
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FIGURE 4. Photos of strips with different filling pattern, from left to
right: horizontal lines (H), gyroid (G), honeycomb (N) and vertical
lines (V).

(two realizations of the same theoretical material) with the same
fill rate, pattern, and dimensions.

Although printing parameters and conditions can cause the
appearance of air inclusions as described in [6], we assume that
our structures have a sufficiently low fill rate so that the pres-
ence of possible air inclusions in the structure has a negligible
impact on the quantity of printed material. We therefore assume
that the volume fraction of printed material in each sample is
equal to the fill rate, i.e., 25%.

4. RESULTS

4.1. Experimental Results

In this section, we present the characterizations of the strips
listed in Table 1. Each characterization is the result of the 1D
reconstruction of the material properties according to the angu-
lar position 6 (see sketch in Fig. 2). The characterizations show
one or more peaks representing the samples with air on each
side. Only a few retrieval examples are shown for the discus-
sion in the following figures.

The characterizations of the 4.6 mm thick strips are plotted in
Fig. 5 for each available pattern. The characterizations of the
gyroid pattern samples at all available thicknesses are shown in
Fig. 6, as well as the characterization of a superposition of two
1p samples.

Finally, the characterization of a material with artificial het-
erogeneous permittivity is shown: this material is constructed
by placing several test pieces of different patterns side by side,
with a variable spacing between them.

4.2. Homogenization Laws

The results show that the properties are correlated to the
mesoscopic structure of the material. To take into account this
impact of the microstructure, we compared the results with the
properties predicted by eight homogenization laws: the Wiener
(W) [26] and inverse Wiener (WI) [26], Maxwell-Garnett
(M-G) [27], Bruggeman (BS) [26], asymmetric Bruggeman
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FIGURE 5. Reconstructed dielectric properties of 4.6 mm thick sam-
ples: Vlp (dark blue), N1p (green), Glp-1 (red), Glp-2 (magenta)
and Hlp (red).
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FIGURE 6. Reconstructed values of gyroid samples of different thick-
ness: thickness of one period G1p-1 (red) and G1p-2 (green), thickness
of two periods G2p (blue) and thickness 2 x 1 period by the superpo-
sition G1 (p-1 + p-2) (cyan) of two samples of thickness one period.
They are compared with the closest law value (M-G) and its average
deviation.

(ABG) [28], Hashi-Shtrikman lower (HSL) and upper (HSU)
limits [29], Sihvola (S) [30] and Odelevskiy (O) [31, 32] laws
whose expressions are given bellow.

ew = gea+ (1 —g)es (2)
Ea€b
EWI = — 7 3
gep + (1 —g)ep 3
14 2gFfa=te
EM-G = Ebl—zz—_i_? “4)
9.2
Eh —ERB €a —€B
l—-g)—F = —g————— 5
( ep + 2ep g6a+2€B )
%
Ea — EABG EABG
B0 (o) (229)
Ea — € Eb

Www.jpier.org



Progress In Electromagnetics Research M, Vol. 134, 59-67, 2025

PIERM

w

1.5

14 |

1.3

1.2

1.1+

0 200
Angular position (deg)

0.9 — :
150 200
Angular position (deg)

FIGURE 7. Reconstruction of an artificial heterogeneous material constituted of G1p and N1p. The bands are either joined (red curve) or separated
by 20 mm (blue curve). A zoom is made on the central part to better observe the measured gradient of properties. The measured value of each band
is compared with the closest law value and its average deviation: band G with M-G law and band N with O law
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with g the volume fraction of 25%, ¢, and ¢, being respectively
the permittivity of PLA and the permittivity of air, NV the depo-
larisant factor, and p,. the percolation threshold filling.
Because there is a lot of homogenization laws, we chose the
best-known laws that seemed most relevant to the characterized
structures. W and WI correspond to linear structures and pos-
sible extremal values with respect to a linearly polarized field.
MG is suitable for isotropic materials with low charge rates and
spherical unit cells. B and ABG are relevant when the charge
rate increases and for spherical unit cells. We looked at them
because the charge rate of 25% is low but still slightly exceeds
that for which MG is valid. We also chose H-S laws because
many publications use the Hashin-Shtrikman model [33-37]
given bellow to predict the behavior of two-phase materials
such as the honeycomb pattern: walls of a first material sur-
rounding a second material. Finally, we added the laws of S
and O which follow from the modified model of that of M-G.
The Sihvola law and Odelevski law are more general than other
laws, but they have two supplementary parameters of the per-
colation threshold filling p. and depolarisant factor V. For cer-
tain values of the couple (p., V), they coincide with other laws.
However, we only used some frequently used couples (p., N)
to compare these laws with our measurement data. Because of
the redundancy of results as mentioned, the only couples (p.,
N) used in the rest of this article are (N /(1 + N), 3) for S law

63

and (IV, %) for O law. Indeed p. and NN are difficult to measure
for these mesostructures and even difficult to define for some
of them. Using a free parameter for p., or for the couple (p.,
N), can in many case lead to a fit with an arbitrary precision
but a physical meaning not easy to explain and to validate. So
exploring all the potential of these general laws for the tested
structure is beyond the work of this article and is still a theoret-
ical and experimental challenge.

Table 2 shows the theoretical values calculated with each law.

TABLE 2. Properties of the composite material with a volume fraction
of 25% according to different homogenization laws.

Law | Calculated value
WI 1.19
HSL 1.27
M-G 1.31
ABG 1.32
BS 1.33
HSU 1.33
S 1.34
(0] 1.39
W 1.45

5. DISCUSSION

5.1. Characterization of a Single Strip

Table 3 shows all the measured properties and the nearest value
obtained with the different homogenization laws and gives the
deviation with the results of each mixing law. We assume that
the difference between the experimental values for each pattern
originates from a variation in the position of the sample on the
measuring bench or from the calibration measurement carried
out at each material measurement.
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Table 3. Comparison between the experimental value of single-band material and homogenization laws. The ‘D25’ of the denomination has been
removed. The deviations found are negative or positive depending on whether the experimental value is lower or higher than the calculated value.
Values in red represent the smallest deviation between the measured value and the calculated one. The law giving the nearest value is precised in
the last column. Rectangles in bright colors delimit the domain including all the nearest values for each pattern.

Sample Meas. WI HSL MG ABG
Gl(p-1+p-2) 1,31 9,16 % 3,05 % 0,00 % -0,76 %
Glp-1 1,30 846% 231 % -0,77 % -1,54 %
Glp-1 1,33 10,53 % 4,51 % 1,50 % 0,75 %
Glp-2 1,35 1185% 593 % 2,96 % 2,22 %
G2p 1,30 846 %  231% \ -0,77 % -1,54 %
G2p 1,32 9,85 % 3,79 % 0,76 % 0,00 %
G5 1,31 9,16 % 3,05 % 0,00 % -0,76 %
G5 1,29 7,75 % 1,55 % -1,55 % -2,33 %
Hlp 1,27 6,30 % 0,00 % -3,15% -3,94 %
Hlp 1,22 \ 246 % | -410%  -7,38 % -8,20 %
Hlp 1,24 403% | -242% | -5.,65% -6,45 %
Hlp 1,26 556% | -0,79% | -3,97 % -4,76 %
Hlp 1,17 | -171% | -855% -1197% -12,82%
H2p 1L17 | -1,71% | -855% -1197% -12,82%
H2p 1,19 0,00% | -6,72% -10,08% -10,92 %
H5 1,24 403% | -242 % ‘ -5,65 % -6,45 %
Nlp 1,40  1500% 9,29 % 6,43 % 5,71 %
Nlp 1,43 16,78 % 11,19% 8,39 % 7,69 %
N2p 1,38 13,77% 197 % 5,07 % 4,35 %
Vlip 1,52 2171% 1645% 1382% 13,16 %
Vip 1,55 2323% 1806% 1548% 1484 %
Vlp 1,55 2323% 1806% 1548 % 14,84 %
V2p 1,43 16,78 % 11,19% 8,39 % 7,69 %
V5 1,50  20,67% 1533% 12,67% 12,00 %

Figure 5 shows that, depending on the printing pattern used,
with the same volume fraction and the same printed bulk mate-
rial properties, the composite material effective properties are
different. The permittivity values of the MUTs are (from the
lowest to the highest): first the Hlp, then the Glp, then the N1p,
and finally the Hlp. It is well known that patterns with hor-
izontal (resp. vertical) lines are supposed to interact the least
(resp. the most) with the incident field (which is linearly polar-
ized): as expected they are the extrema of the measured values.
The other patterns are consistently intermediate between these
two extreme anisotropic cases. This hypothesis is confirmed
by the homogenization laws. Indeed, as said earlier, Wiener’s
laws are usually used to calculate the extrema of possible val-
ues in homogenization laws. We can clearly see that the H and

FIGURE 8. Sketch of the tilting of the pattern honeycomb of § = 45°
relative to the reference positioning shown in dotted lines.

|
\

BS HSU S (0] W Nearest
-1,53 % -1,53 % -2,29 % -6,11%  -10,69 % MG
-2,31 % -2,31 % -3,08 % -6,92% -11,54 % MG
0,00 % ‘ 0,00 % -0,75 % -4,51 % -9,02%  BS/HSU
1,48 % 1,48 % 0,74 % ‘ -2,96 % -7,41 % S
2,31 % 2,31 % -3,08 % 6,92 % -11,54 % MG
-0,76 % -0,76 % -1,52 % -5,30 % -9,85 % ABG
-1,53 % -1,53 % -2,29 % -6,11%  -10,69 % MG
-3,10 % -3,10 % -3,88 % 1795%  -12,40 % MG
-4,72 % -4,72 % -5.51 % 945%  -14,17 % HSL
-9,02 % -9,02 % 984 % -1393% -18,85% WI
27,26 % -7,26 % -8,06% -12,10% -16,94 % HSL
-5,56 % -5,56 % -6,35% -1032% -15,08 % HSL

-13,68 % -13,68% -1453% -1880% -23,93 % WI
-13,68 % -13,68% -1453% -1880% -23,93 % WI
1,76 % -11,76 % -12,61 % -16,81 % -21,85 % WI
21,26 % 27,26 % -8,06% -12,10% -16,94 % HSL
5,00 % 5,00 % 4,29 % \ 0,71 % -3,57 % (0]
6,99 % 6,99 % 6,29 % 2,80 % -1,40 % w
3,62 % 3,62 % 2,90 % \ -0,72 % -5,07 % (0]
12,50 % 12,50 % 11,84 % 8,55 % 4,61 % w
14,19 % 14,19 % 1355% 10,32 % 6,45 % w
14,19 % 14,19 % 13,55 % 10,32 % 6,45 % w
6,99 % 6,99 % 6,29 % 2,80 % -1,40 % w
11,33 % 11,33 % 10,67 % 7,33 % 3,33 % w
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V samples have their reconstructed values closer to Wiener’s
laws with a respective average deviation of 2.63% and 4.45%.
The H pattern gives experimental results close to two laws: WI
and HSL. We expect to obtain results close exclusively to WI.
We explain this observation by the poor mechanical strength of
the sample: due to the lack of an external frame, the sample
is very flexible, which can cause its position to deviate during
the rotation of the support and therefore result in a poor assess-
ment of its permittivity. The V-pattern samples are the most
rigid among the available samples. The experimental values
are all close to those calculated by the W law but overestimate
it, which seems inconsistent since the Wiener’s laws are sup-
posed to frame the possible property values for a given volume
fraction. We consider that this result comes from exceeding the
limits of the Born approximation for the dimensions of the sam-
ples and the theoretical value of the material index, which we
take here as the value of the Wiener’s law, as described in Sec-
tion 2 and in [21,22]. However, we consider that the average
deviation remains acceptable. The gyroid pattern gives mea-
sured values close to those calculated by the M-G law, which
is consistent with the low charge rate and M-G hypothesis. It
is also the pattern that gives the measured results with the low-
est deviation: 0.57% on average. The other laws translating
isotropic behavior (ABS, BS, HSU) generally have calculated
values very close to the experimental ones. The values calcu-
lated with the S and O laws are, however, not very close al-
though these laws are derived from the Maxell-Garnett model.
The characterizations of the N strips seem surprising. Indeed,
we expected experimental values in agreement with the HSL
or HSU homogenization laws because this pattern is supposed
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FIGURE 9. Tllustration of the two configurations used for the two strips characterization: on the left the edge-by-edge configuration and on the right

the 20 mm spaced configuration.

to account for an isotropic material, and these laws represent
them best. However, all experimental values are greater than
the upper limit of H-S model, and we see that the experimental
results are closer to the value of the O law. Several hypotheses
have been raised to explain this observation. First of all, the as-
sumptions of H-S are that the unit cell is comparable to a sphere
and so has an isotropic behavior, which is consistent with the
approximations of the M-G models and its S and O derivatives.
It is therefore understandable that the value calculated by the O
law is close to the experimental value. Secondly, the more the
material index increases, the more the measurement means tend
to overestimate the permittivity of the MUT as can be seen dur-
ing the characterization of the V strips. The second hypothesis,
on the other hand, concerns the legitimacy of the approxima-
tions made that lead to the use of H-S [29]: indeed, this assumes
that the apparent macroscopic isotropy gives e, = €, = &,
which means that the permittivity is the same in every direction
considered, and that the shape of the internal material, here air,
can be approximated by a sphere. If these approximations are
no longer valid [38, 39], then we question the relevance of us-
ing this model in our case. Indeed, for reasons of mechanical
strength, the honeycomb pattern used was inclined at 45° rela-
tive to the reference axis xy as can be seen in Fig. 8. Thus, we
can question the equality statement e, = €y = e» = €y = &4
with an illumination polarized in the y direction.

Further work appears necessary to investigate these two hy-
potheses.

On another point, Fig. 6 also shows that by increasing the
thickness of the specimens up to 9.2 mm (enabling a whole
number of periods to be kept), the reconstructed values are very
similar to those found for the 4.6 mm thick samples. Thus, the
values obtained can be considered as intrinsic properties of the
composite material. However, we notice in Table 3 that the
greater the thickness of the samples is, the smaller the devia-
tions from the theoretical laws are, whatever the pattern. We
can conclude that our samples are representative of the com-
posite materials, but that an optimization of their dimensions
could improve the accuracy of the characterization.

Experimental values may be close to several calculated val-
ues, and although we can identify a law with the closest values
on average, the deviation of the experimental values caused by
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the calibration process and the placement of the sample does
not allow us to discretize the most relevant distribution accord-
ing to the MUT pattern. However, we note that for each pat-
tern, Table 3 highlights that the groups of laws giving calcu-
lated values close to the experimental values have similar or
even identical assumptions and approximations. This results in
close calculated values within the same group of laws. Depend-
ing on the calibration measurement performed or the position-
ing of the sample, the experimental value should therefore be
included in this group of calculated values. However, Table 3
shows that our measurement method has an average deviation
of 2.63% with the closest average law without any a priori ge-
ometric shape or properties.

5.2. Characterization of Heterogeneous Materials

Another heterogeneous dielectric material was artificially con-
structed using two strips. The constructed material therefore
has piecewise varying properties. Each section characterization
can be considered as a strip characterization. Thus, characteri-
zation results will be compared to the result of the most perti-
nent law as determined in the previous section. Fig. 7 shows
two configurations using a Glp and a Nlp: they are either
placed edge-by-edge on their long side or spaced 20 mm apart
as illustrated in Fig. 9. The gradient of properties is well de-
tected, and the reconstructed permittivity values are included
in the confidence interval which is calculated for each pattern
with the closest calculated value more or less the average devi-
ation.

It can be noted that the reconstructed permittivity between
the two strips when they are separated is not that of air but close
to the latter. The combination of the measuring setup and inver-
sion method makes it possible to obtain a spatial resolution to
separate two strips by approximately /3. This is due to clas-
sical oscillations observed in near-field/far field transformation
of sharp sources. Thus, it is associated with the sharp disconti-
nuities of material properties (between strips and air).

When the strips are placed edge-by-edge, the angular reso-
lution is insufficient to clearly distinguish the two strips. How-
ever, the reconstruction shape shows an inflection point corre-
sponding to the lower-level strip (on the left on the red curve).
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By calculating the angular difference between this inflection
point and the top of the peak on the right, we obtain L =
Ml*g’(“)*R = 30 mm with R being the radius of the support which
corresponds to the distance between the two strip centers.

6. CONCLUSION

We have shown that free-space techniques have their place in
the characterization of complex AM materials. It has been
shown that it is important to consider the printing pattern and
the illumination used by the device. Indeed, as demonstrated
by [6], the variation of the effective permittivity value of the
strips is not negligible depending on the printing pattern and
this even for bands with controlled volume fraction (permitted
by AM). Furthermore, the experimental values match the values
defined by adapted mixing laws with a small average deviation.
The device seems to represent an appropriate nondestructive FA
characterization technique.
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