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ABSTRACT This paper presents a flexible electrotextile-based solid skin-equivalent phantom operating in
the millimeter-wave (mmW) range. The phantom reproduces the reflection coefficient at the air/skin interface
in the 55-65 GHz band. It is composed of a layer of carbon powder mixed with silicone and backed with an
electrotextile. Its thickness is optimized to approach the target reflection coefficient of the human skin. For
the angles of incidence from 0° to 60° the maximum relative error in respect to the target value is 2.6% for
the magnitude and 13% for the phase when considering impinging transverse electric (TE) and transverse
magnetic (TM) polarized plane wave. To experimentally validate the phantom, its scattering properties are
measured in the 55-65 GHz range using a free-space transmission/reflection system. A good agreement
between the numerical and experimental results is demonstrated, exhibiting a relative error within 1.9% for
the magnitude of the reflection coefficient in the 55-65 GHz range at normal incidence. Such phantoms
may be used in a wide range of body-centric mmW applications, including remote sensing and medical

applications.

INDEX TERMS Millimeter-wave (mmW), solid flexible phantom, electrotextile.

I. INTRODUCTION

Wireless sensors have emerged as an add-on to conventional
wired network systems, in particular in medical applica-
tions [1]. These devices may be positioned on or in the vicinity
of the body, for instance for remote monitoring of physiolog-
ical activities. The unlicensed mmW band around 60 GHz [2]
is promising for such applications due to low interference,
high data rates and ultra-miniature dimensions.

To characterize the electromagnetic (EM) performance
of body-centric radiating structures, they need to be tested
in a controlled and reproducible way in real-case scenar-
ios, ideally accounting even for posture as well as macro

and/or microscopic body movements (resulting from heart-
beat, breathing, etc.). For instance, this enables the on-body
performance assessment of wearable sensors during physical
activity or of radar sensors remotely measuring the motion
of the chest associated with cardiorespiratory activity. Ex-
perimental tissue-equivalent phantoms play a crucial role in
research and compliance testing due to the capability of re-
producing the EM properties of biological tissues. Various
phantom types have been proposed and categorized as liquid,
semi-solid, and solid. Some examples are listed in Table 1,
comparing the phantom type, the frequency range it’s intended
for and the measured properties.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE 1. Skin-Equivalent Phantoms in the 0-100 GHz Range

Reference Phantom type Frequency range Targeted physical quantity Maximum standard deviation
[5] Liquid 3.1-10.6 GHz Relative path gain 1.4dB
[6] Liquid 2.4-2.48 GHz Er 0.5%

o 3.4%
[71 Liquid 0-3 GHz Er 5%
o 5%
[22] Liquid 0.5-18 GHz Er 2%
Loss factor 1.4%
[23] Liquid 0.5-12GHz Er 0.7%
o 7.1%
[81] Semisolid 55-65GHz Er 10%
SAR at 60 GHz 1.3%
[24] Semisolid 2-26.5 GHz Er 5.6%
[25] Semisolid 0.5-50 GHz Er 22%
[26] Semisolid 10-100 GHz Er 16%
[27] Solid 50 GHz APD 15.7%

Liquid or gel phantoms typically consist of a container
filled with a liquid or gel that replicates the EM properties
of the human body or specific body parts [3], [4], [5]. The
composition of a liquid phantom can vary depending on the
emulated body part and on the frequency. At lower frequen-
cies, such as those below 1 GHz, a mixture of sugar, deionized
water, sodium chloride, and cellulose is typically used, while
at higher frequencies (above 1 GHz and extending into the
mmW range), mixtures of deionized water and a polyhy-
dric alcohol or diacetin are common. Liquid phantoms can
replicate the target dielectric properties of tissues with high
accuracy over a wide frequency range. For example, in [6],
the standard deviation is below 0.5% for the mixture’s permit-
tivity and below 3.4% for its conductivity when compared to
the skin’s values in the 2.4-2.48 GHz range. Liquid phantoms
are particularly suitable for volumetric measurements using
immersed probes. Application examples include in-phantom
characterization of implantable wireless devices, assessing the
specific absorption rate (SAR) and compatibility of in-body
wireless devices. For instance, a liquid phantom simulating
head and body tissues up to 3 GHz was reported in [7], ex-
hibiting a maximum standard deviation of 5% in both its
permittivity and conductivity, compared to the targeted values.
This phantom was employed for dosimetry and densitometry
measurements. A mixture of Triton X-100 and diethylene
glycol butyl ether (DGBE) was used in [6] to replicate the
dielectric properties of skin within the 2.4-2.48 GHz indus-
trial, scientific, and medical (ISM) band and conduct in vitro
measurements of an implantable antenna. The antenna was
tested using the skin-mimicking material. In the 2.4-2.5 GHz
frequency range, a liquid phantom was employed to validate
the performances of a wearable antenna in a reverberation
chamber [3].

Semisolid phantoms occupy a middle ground between lig-
uid and solid phantoms in terms of viscosity and rigidity. One
of their significant advantages is the possibility to manipulate
their mechanical properties to reproduce the physical charac-
teristics of tissues. Typical ingredients of semisolid phantoms

include water, oil, gelatin powder, agar, and sodium azide. In
contrast to the liquid ones, these phantoms can mimic more
complex geometries (without a container), recreating anatom-
ical shapes [8]. They also enable the creation of multi-layer
structures [9]. As a result, semisolid phantoms are commonly
employed for wearable technology and body area network
(BAN) testing, dosimetry, and microwave imaging [8], [10],
[11]. Agar-based phantoms have been effectively employed at
radiofrequencies and mmW. For instance, an agar-based skin
phantom was developed for BAN applications, emulating skin
characteristics within the 55-65 GHz frequency range [8].

Solid phantoms possess several unique advantages com-
pared to liquid and semisolid phantoms. This includes the
possibility of creating complex shapes with high accuracy and
an extended lifetime. However, replicating tissue properties
necessitates specialized materials and often specific equip-
ment for crafting solid phantoms [12], [13]. To shape solid
phantoms, which often need to mimic anatomical structures,
two main approaches are employed: they are either cured us-
ing a mold or initially cured in a basic form (e.g., a rectangular
prism) and subsequently shaped into the desired anatomical
geometry through machining. The ceramic-based phantoms,
designed for assessing the SAR at 900 MHz through thermog-
raphy, demonstrate the ability to closely match permittivity
and loss tangent of the body across the majority of the
phantom [14]. The conductive plastic phantoms are used for
microwave near-field biological imaging arrays and are em-
ployed for validating microwave imagers [12]. Silicone rubber
phantoms combined with various forms of carbon offer the
ability to match the electrical properties of both high and low-
permittivity tissues up to 6 GHz [15], [16]. These phantoms
find applications in various fields, such as breast phantoms for
microwave imaging and on-body testing of 4G/5G antennas.
A solid phantom made of a silicone substrate containing car-
bon black powder was proposed in [17] to characterize the
on-body propagation channel at 60 GHz. This phantom has
been specifically designed to match the reflection coefficient
at the air/phantom interface to that of the air/skin interface.
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Due to their water-free nature, solid phantoms are not
subject to evaporation or hardening of the surface, so their
properties are stable over time. In [18] bonding resin com-
posites loaded with powder additives are used to emulate
the dielectric properties of head tissues in the 0.5-5 GHz
range. Its lifetime stability was investigated, comparing it to
a gelatin/water phantom. The results showed no changes in
the dielectric properties of the resin-based phantom, and a
decrease of 45% in the dielectric properties of the water-based
phantom three days after fabrication.

During the years, 3D-printed tissue-equivalent phantoms
have emerged as an alternative to molding in medical imag-
ing, dosimetry, and biomedical research. These phantoms are
designed to mimic the EM properties of human tissues, pro-
viding a versatile and cost-effective solution. The fabrication
of these phantoms involves the use of common 3D printing
methods, which allow for rapid prototyping and customization
of objects from a variety of materials. For instance, stud-
ies have demonstrated the feasibility of creating breast and
soft tissue-equivalent phantoms using thermoplastic materials
like polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS) by carefully adjusting printing parameters such as infill
density and pattern [19], [20]. For example, in [21] PLA fil-
aments with different concentrations of nanoparticles are 3D
printed with the fused deposition modeling (FDM) technique
to represent a multi-layer model of the skin. This phantom was
used to assess the thermal effects of electromedical radiofre-
quency (RF) fields on human tissues.

In this paper, we propose the first electrotextile-based skin-
equivalent solid mmW phantom for performance testing of
on-body wireless devices, characterization of body-centric
propagation channel and performance validation, under well-
controlled and reproducible conditions, of radar systems
designed for remote sensing of physiological activities. It is
flexible, which makes it particularly well adapted for repro-
ducing curved body parts. In addition, the phantom thickness
is within a few millimeters, enabling reproducing micro-
movements of the body surface, emulating for example heart
beating or breathing.

Il. PHANTOM DESIGN

At mmW, given the high dielectric contrast between the skin
and free space, a considerable fraction of the impinging power
is reflected at the air/skin interface. For instance, at 60 GHz,
the reflection coefficient hovers around 60% for the normal in-
cidence [28]. This value varies depending on the polarization
and angle of incidence [29] between 0.2 to 1 for TM mode
and from 0.6 to 1 for TE mode. To experimentally emulate
the scattering properties of the human skin, one possibility is
to realize a phantom whose complex permittivity is close to
that of the skin (¢, = 7.98—-10.9) at 60 GHz [30]). However,
given the high losses at these frequencies, it is challenging to
reproduce these permittivity values with bulk solid phantoms.
Some solid mmW phantoms are available on the market and
serve various purposes, including SAR evaluation, optimiz-
ing on-body and implant transceivers, as well as validating

2.5cm

lcm

(b)

FIGURE 1. (a) Experimental setup used to measure the dielectric
properties of the carbon-silicone composite. (b) Position of the
on-phantom measurement points (white rings).

simulation models [31], [32]. These phantoms are usually
quite stiff, making it difficult to adapt them to different shapes
and limiting their ability to mimic the natural movements of
the body surface. An alternative approach involves crafting
a thin structure with a reflection coefficient matching that of
the skin, paving the way to flexible and conformal phantoms.
Achieving the desired properties in solid phantoms involves
incorporating conductive and high-permittivity additives into
a lower-permittivity base material (e.g., plastic or silicone)
during curing. For this purpose, we designed a phantom com-
posed of a silicone material (SYLIGARD 184) mixed with
carbon black powder and backed with an electrotextile. The
latter is a flexible fabric that acts as a ground plane (o =
1.96 - 103S/m). It also acts as a shield, making the phantom
robust and insensitive to the presence of an object that may be
positioned behind the phantom.

A. COMPLEX PERMITTIVITY MEASUREMENT

The first step of the phantom design is the characterization
of the dielectric properties of the silicone and carbon mixture
in a wide range of frequencies that will be later used as an
input for the phantom reflection coefficient optimization to es-
timate the target thickness. The measurement setup [Fig. 1(a)],
primarily comprises a dielectric assessment kit (DAK) TL-2,
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FIGURE 2. Real and imaginary part of the measured complex permittivity
of a mixture of silicone and carbon (40%).

a vector network analyzer (VNA), and the control software.
The DAK TL-2 is a coaxial probe-based system that enables
the automatized characterization of the dielectric properties
of solid and semi-solid materials, including thin sheets (0.1—
10 mm), as well as liquid samples. This system utilizes open
coaxial probes and, in addition to S1; measurements, performs
automated measurements of thickness and mechanical force.
The dielectric properties of the material under examination are
derived from S| measured at the probe flange, accounting for
the sample thickness. The measurements are performed in the
5-65 GHz range. The system was calibrated using a copper
strip used as a short and alumina-N5 as a reference load. A
thickness calibration is performed using a 2 mm metal sample.

Measurements are performed for samples containing 40%
of carbon. This weight ratio between carbon and silicone was
chosen as a compromise between the necessity to increase the
complex permittivity to reach the target reflectivity and the
need to maintain its elastic properties. The sample is placed on
the designated support and subjected during the measurement
to 200 N force. 20 permittivity measurements are performed
at different points of the sample’s surface to verify its ho-
mogeneity and reproducibility [Fig. 1(b)]. Fig. 2 shows the
mean value and the standard deviation of the permittivity’s
real and imaginary parts, as a function of frequency. The real
part exhibits a maximum standard deviation of 1.8%, while
for the imaginary it reaches 14.2%. At 60 GHz the standard
deviation is 1.7% and 6.6% for the real and the imaginary part,
respectively. The reference value is established as the average
of the 20 measurements [&; = 13.7-(1—;-0.36) at 60 GHz].

The dielectric properties of the phantom have been mea-
sured again one year after the initial fabrication of the
samples, the standard deviation between the two sets of mea-
surements is below 1%.

B. ANALYTICAL MODEL OF THE PHANTOM

To expedite the investigation of the EM phantom proper-
ties, we developed an analytical transmission line model in
MATLAB. Two interfaces are considered: air/silicone-carbon

air Eolo

S —
t (Silicone-carbon
€
T > ko Zo ky, Zy
electrotextile /, .
_____ e —
r t

A o A ‘s
Silicone-carbon  -ip? . Silicone-carbon  p?
. : . 7

e

CE

(b) (©)

FIGURE 3. (a) Analogy of the phantom with a transmission line terminated
in a short circuit. Modes: (b) TM and (c) TE.

and silicone-carbon/electrotextile [Fig. 3(a)]. The last seg-
ment of the line is short-circuited to represent the electrotex-
tile sheet and 7 is the thickness of the silicone-carbon layer.
The impedances for free space and the silicone-carbon layer
are calculated both for TM [Fig. 3(b)] and TE [Fig. 3(c)]
modes as

Zomy = —, Ly = , 1
0™ = e ™ = eoer 1
and
WO w0
ZOTE = k_v ZlTE = k_ (2)
01 1

Here ko, = ko - cos@ and k; = kov/&r — sin? 6, where 6 is
the incidence angle, ko = w./eo/to is the free space wave
number, gy = 8.854 - 10~!2 F/m, po = 47 - 1077 H/m, &, is
the complex permittivity of the silicone-carbon composite,
and o is the angular frequency.

The reflection coefficient is given by the following equa-
tion:

_ Z(t)—Zy

T ZW+ 2y )

where Z(t) = j - Z; - tan(ky - t) is the transformed impedance
at a distance ¢ from the load and Z¢ and Z; are calculated
using (1) or (2), depending on the polarization.

Varying the angle of incidence from 0° to 60°, the char-
acteristic impedances are calculated for both TM and TE
modes, using (1) and (2) respectively, and the corresponding
reflection coefficient is computed with (3).
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FIGURE 4. CST model of the phantom.

C. NUMERICAL MODEL OF THE PHANTOM

A numerical parametric study is performed using the finite
element method (FEM) implemented in CST Microwave Stu-
dio. Supposing that the illuminated area of the phantom is
sufficiently smaller than its total surface, the edge effects can
be neglected and it can be modeled as an infinite surface.
This is obtained by applying periodic boundary conditions
in the x and y directions. We simulate an infinite surface by
periodically extending the elementary unit cell. This approach
can significantly reduce computational resources and simu-
lation time compared to modeling the entire structure. The
dimension of the unit cell in the x- and y- axis are 1 mm. In
the z direction (perpendicular to the surface of the phantom),
a perfectly matched layer (PML) is applied to simulate an
open non-reflecting environment. The phantom model con-
sists of two homogeneous layers: the first layer is composed of
silicone-carbon and the second one consists of electrotextile
(Fig. 4). The thickness of the silicone-carbon layer is varied
from 1 mm to 8 mm and its complex permittivity is the one
established in Section II-A. The electrotextile is a lossy metal
with a conductivity of ¢ = 1.96 - 10°S/m and a thickness of
0.17 mm. The incident wave is modeled as a default plane
wave with a frequency of 60 GHz, considering both TM and
TE modes. The angle of incidence is varied from 0° to 60°,
allowing for comprehensive analysis and comparison with the
analytical model. A tetrahedral mesh is used, with a mesh
size of approximately A /20, where A is the wavelength of the
incident wave. This mesh setting provides a balance between
accuracy and computational efficiency, and convergence tests
confirmed the stability of the simulation results. The FEM is
used to calculate the reflection coefficient at the air/phantom
interface.

The transmission line equivalent model has been validated
by comparing the analytical reflection coefficient to the one
obtained through numerical simulations, for the incidence an-
gles in the 0-60° range, showing excellent agreement.

D. ANALYTICAL MODEL OF THE SKIN
The transmission line equivalent model can also be used to
calculate the reflection coefficient at the air/skin interface,
considering the skin homogeneous structure.

Given a high water content of the epidermis and dermis,
mmW energy experiences a rapid attenuation and more than

TABLE 2. Typical Properties of Multilayer and Monolayer Skin Models at
60 GHz

e o (S/m)  Thickness (mm)
Stratum corneum 296 107* 0.015
Multilayer ~ Epidermis + dermis  7.98  36.4 1.45
Fat 3.13 28 1
Monolayer 798 36.4 -
//
0.9 |——Monolayer - TM A
o Multilayer - TM e
- -~ Monolayer - TE K
4 Multilayer - TE X
0.7 A
2
Q. 7
= K
= B P
0.5 L
aA-b7
p -
0.3
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Angle of incidence (deg)

FIGURE 5. Power reflection coefficient of the monolayer and multilayer
skin models.

air EoHo L
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FIGURE 6. Analogy of the skin with a transmission line.

90% is absorbed before reaching the fat layer [33]. To confirm
the possibility of using a homogeneous medium to represent
the skin at 60 GHz, we compared a multilayer and a mono-
layer model. Table 2 summarizes the key dielectric properties
of both models. Fig. 5 illustrates the comparison between the
power reflection coefficient for TM and TE modes, calculated
using both the multilayer model and the monolayer structure.
An excellent agreement between the two models is observed,
hence, for our application, the skin can be represented by
a monolayer model, with the complex permittivity extracted
from [30].

Fig. 6 shows the transmission line model of the skin,
represented by a semi-infinite homogeneous structure. Its
characteristic impedances, respectively for TM and TE modes
are

k .
Z ki )
WENEskin

kinTM =
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FIGURE 7. Magnitude of the reflection coefficient of the silicone-carbon
phantom and skin for the normal incidence as a function of the phantom
thickness.

and

wiLo
—, (5)
kskin

where kgin = kov/€skin — Sin 60 and eggqn = 7.98—-10.9.
[30] The reflection coefficient at the air/skin interface is:

. Zin — Zo
Zgin+ 2o

ZskinTE =

(6)

E. OPTIMAL THICKNESS DEFINITION

Given the multiple reflections occurring at the air/silicone-
carbon and silicone-carbon/electrotextile, the reflection coeffi-
cient exhibits a damped sinusoidal behavior. Fig. 7 represents
the magnitude of the reflection coefficient as a function of
the thickness of the silicone-carbon layer for the normal inci-
dence. A stable value is reached around a thickness of 4 mm,
meaning that the reflection coefficient does not depend any-
more on the silicone-carbon layer thickness. The analytical
data of the phantom and the skin reference are calculated
using the transmission line equivalent model and considering
the incidence angle & = 0°. The numerical data are obtained
through simulations performed with a normally incident plane
wave and they are in good agreement with the analytical ones.
The choice of normal incidence is intended to demonstrate
the behavior of the reflection coefficient, which exhibits a
damped sinusoidal pattern due to the constructive and de-
structive interference from multiple internal reflections within
the silicone-carbon layer. This behavior is consistent across
all angles of incidence, although the positions of the minima
and maxima shift with the angle. Note that at the normal
incidence, the reflection coefficient does not depend on the
polarization of the incident wave. This is because, at normal
incidence, the electric and magnetic fields of the wave are
oriented such that the boundary conditions are identical for
TE and TM modes [34].

The analytical approach was employed to find the optimal
phantom thickness. The transmission line models described
in Section II-B and Section II-D, are used to calculate the
reflection coefficient of the phantom and of the skin, respec-
tively. Both TM and TE modes are taken into account. The
optimization aims to minimize the deviation between the re-
flection coefficient at the air-phantom interface and the one at
the air-skin interface. To this end, the analytically calculated
magnitude and phase of the skin’s reflection coefficient for
incidence angles in the 0-60° range are used as the targeted
values. The thickness of the silicone-carbon layer was varied
from 1 mm to 3 mm, with 0.1 mm increments. For each spe-
cific thickness within this range, taking the skin as a reference,
the relative error is computed as:

f(@ )phantom - f(g)skin
f(e)skin

relative errorg, = x 100 (7)

where f(0) is either the magnitude or the phase of the reflec-
tion coefficient computed across angles of incidence spanning
from 0° to 60°, with a 5° step width. Fig. 8 reports the relative
error distributions as a function of the phantom thickness.
The central red line in each bar is the median, the lower
and upper boundaries of the box encapsulate the 25th and
75th percentiles, and the dashed lines denote the maximum
and minimum value. The red data points situated outside the
box denote outlier error values, mainly associated with the
incidence angle of 60°. The TM mode exhibits higher rela-
tive errors, with average values reaching 45% in magnitude
[Fig. 8(a)] and 30% in phase [Fig. 8(b)]. In TE mode, the
relative amplitude error [Fig. 8(c)] is under 10% for most of
the considered thicknesses, while it is consistently below this
value for the phase [Fig. 8(d)].

The results suggest three optimal values of the phantom
thickness: 1.5 mm, 2.1 mm, and 2.7 mm. However, according
to the magnitude of the reflection coefficient, the 1.5 mm
configuration is not robust enough to thickness uncertainty,
with relative errors that can increase from 0.6% to 8.4%
for a 0.1 mm difference in thickness, value comparable with
the typical fabrication tolerance (0.1 mm). This behavior is a
consequence of the resonance phenomenon shown in Fig. 7,
which is responsible for stronger variations of the reflection
coefficient for thinner phantoms. The 2.6-2.8 mm range of
thicknesses is also promising, especially in terms of the mag-
nitude of the reflection coefficient. However, among the three
optimal thicknesses, this phantom would exhibit the worst
flexibility. The thicknesses spanning from 2 mm to 2.2 mm
offer more robustness to thickness uncertainty compared to
the 1.5 mm case and a higher flexibility than the 2.7 mm case.
For these three thicknesses, considering the magnitude of the
reflection coefficient, the median relative error is in the 0.3—
3% range for TM mode and varies between 0.6% and 2.5% for
TE. Consequently, variations in thickness within this specific
range will produce minimal alterations in the amplitude of
the reflection coefficient. Considering the phase, the median
of the relative error varies in the range 5.4—7% in TM mode
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FIGURE 8. Distributions of the relative error of the phantom’s reflection coefficient compared to that of skin. Top line - TM mode: (a) magnitude, (b)

phase. Bottom line - TE mode: (c) magnitude, (d) phase.

and 4-5.2% in TE mode. The thickness of 2.1 mm is finally
selected for the phantom design.

Comparing the reflection coefficient of the phantom to the
one of the skin, for incidence angles in the range 0° to 60°, the
maximum relative error for the amplitude [Fig. 9(a)] is 2.6%
for TM and 0.4% for TE mode, while for the phase [Fig. 9(b)]
itis 13% and 4.8% respectively. Note that these variations are
within natural physiological variations, for instance as related
to age or skin moisture [35], [36].

F. PERMITTIVITY UNCERTAINTY

To assess the impact of the uncertainty in the measured per-
mittivity on the reflection coefficient at 60 GHz, a Monte
Carlo analysis with 10° trials was conducted based on
the dataset of 20 permittivity measurements, shown in
Section II-A. We assumed that the real and imaginary parts of

the permittivity follow a Student’s t-distribution. With this hy-
pothesis we computed the distributions of the magnitude and
phase of the reflection coefficient for TE and TM modes for
angles of incidence in the 0-60°range, every 5°. The resulting
deviation from the mean value, with a 95% confidence level,
consistently remained below 1% for the magnitude and phase
of the reflection coefficient for both polarizations. This anal-
ysis underscores the reliability and robustness of the obtained
results.

1ll. PHANTOM REALIZATION

To fabricate the phantom, the following materials are used:
SYLGARD 184 Silicone Elastomer base [37];
SYLGARD 184 Silicone Elastomer curing agent;
Sigma-Aldrich 484164 Carbon powder [38];
electrotextile.
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FIGURE 9. (a) Magnitude and (b) phase of the reflection coefficient for
skin and phantom models at 60 GHz for TM and TE modes.

The starting point is preparing the silicone by adding one
part of the curing agent for ten parts of the base, followed
by thorough mixing. Carbon is then added to the mixture pro-
gressively achieving 40% of the total weight of the composite.
It is carefully mixed until it achieves homogeneity. The liquid
composite is subsequently transferred into a mold [Fig. 10(a)]
with a thickness of 2.1 mm. Then it is placed within a vacuum
chamber for degassing (30 minutes) to remove air bubbles
appeared during mixing. To improve the planarity of the phan-
tom a flat plate is slid on the liquid composite to progressively
seal the mold. Following the first degassing round, the cham-
ber is opened, and the plate is slid over the surface of the
phantom to cover a portion of the compound (approximately
2 cm). The silicone-carbon is then subjected to another round
of degassing for 20 minutes. This cycle is repeated until

8

lectrotextile

Guides

() (d)

FIGURE 10. (a) Mold and (b) frame used in the phantom fabrication
process, (c) upper and bottom view of the fabricated phantom, (d) bent
flexible phantom.

the entire surface is covered by the plate. The mold is then
transferred into an oven set at 110 °C for 2 hours, allowing
the liquid composite to solidify. This procedure was tested
using transparent silicone, which permits the detection of air
bubbles. It was observed that some air may be retained in the
first few millimeters of the composite sides, but the affected
edge can be easily cut to eliminate bubbles from the phantom.
Ultimately, this results in a phantom characterized by nearly
constant thickness (relative variations within 5% in respect
to the target thickness). To prevent folds, the silicone-carbon
layer is placed on a flat surface and the textile is draped over
it, ensuring it is stretched and secured with an interlocking
frame [Fig. 10(b)]. Following this, pure silicone is prepared
and poured onto the electrotextile. Pressure is applied to fa-
cilitate the passage of silicone through the textile and ensure
proper adhesion to the silicone-carbon layer. The silicone is
subsequently solidified in an oven set at 110 °C for an hour.
Any exceeding silicone can be easily removed after it cools
down.

The obtained fabricated phantom prototype is shown in
Fig. 10(c) and (d). In summary, this fabrication method results
in a flat phantom, ensuring controlled silicone-carbon layer
thickness and minimizing the thickness of the silicone used to
glue the electrotextile.
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FIGURE 11. (a) Transmission/reflection quasi-optical setup (b) system
used to measure the scattering parameters of the phantom.

IV. EXPERIMENTAL VALIDATION

As an experimental validation we measured the reflection
coefficient of the fabricated phantom and compared it with
the reflection coefficient of human skin. We used a free-
space method employing a VNA and a transmission/reflection
quasi-optical setup equipped with two focusing lenses and
two horn antennas [Fig. 11(a)]. Since we need to measure
the reflection coefficient, only one of the two ports of the
system is used [part of the system delineated by the dashed
rectangle in Fig. 11(a)]. The holder for the phantom has a
hole with a radius of 1.5 cm, centered on the focal point of
the lenses [Fig. 11(b)]. The calibration is performed with an
empty sample holder and then with a metal plate.

The magnitude of the Sq; is measured over a frequency
range spanning from 55 GHz to 65 GHz and correlated with
the magnitude of the reflection coefficient. Environmental in-
terferences are eliminated by subtracting Sy associated with
the metal plate. Phase measurements have not been performed
with this system at this stage, due to the more critical position-
ing of the phantom required for accurate phase measurements.
The magnitude of the reflection coefficient is then derived
using the following formula:

<Sl lphamom’sl 1plate )

|Fderived| =10 (8)

—_— Skin
- -- Phantom (measurements)
0.8 ----- Phantom (analytical model) |]
06 ______ T T T s e [
=&
0.4
0.2 8
|
55 60 65

Frequency (GHz)

FIGURE 12. Magnitude of the reflection coefficient derived from the
measurements compared to the coefficient of the skin and the coefficient
calculated analytically in the 55-65 GHz range.

This coefficient is then compared to the reference reflection
coefficient of human skin and the calculated one Fig. 12.
The measured reflection coefficient is in good agreement with
the one calculated employing the permittivity values acquired
with the DAK TL-2 (relative deviation within 1.9%). In re-
spect to the reflection coefficient of skin, the average relative
error is below 3%, the maximum relative error is within 6.6%.

V. DISCUSSION AND CONCLUSION

In this work, we designed and experimentally validated the
first flexible electrotextile-based phantom reproducing the
scattering properties of human skin in the 55-65 GHz range.
In contrast to the commonly used rigid bulk phantoms, flex-
ibility is achieved by using electrotextile on a thin flexible
dielectric substrate, which thickness is optimized to achieve
scattering properties close to the ones of human skin (relative
deviation within 2.6% for magnitude and 13% for phase at
60 GHz for 0-60°). The phantom demonstrates the enhanced
robustness to the thickness uncertainty. The proposed fabrica-
tion procedure enables the fabrication of mechanically robust
phantoms as the electrotextile is directly embedded into the
silicon composite.

A proof-of-concept prototype was fabricated and its reflec-
tion coefficient was measured in the 55-65 GHz range (for
normal incidence), showing relative error within 1.9% com-
pared to the analytical phantom model and 6.6% compared to
the skin’s reflection coefficient.

In contrast to the phantom reported in [17], the
electrotextile-based design demonstrates enhanced flexibility,
enhanced broadband performance, and improved mechanical
robustness. As the electrotextile is directly embedded into the
silicone-carbon substrate, the phantom is more resistant to
bending and repeated deformations without the ground plane
detachment or material breakdown. Note that the proposed
solution is conceptually different from commercially available
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bulky rigid phantoms (e.g. [31], [32]), primarily developed
for static and dosimetric evaluations. While they excel in
precisely replicating dielectric properties for a broad range of
frequencies, they are often costly due to the significant amount
of material required to manufacture anatomically correct
models. In contrast, our phantom’s flexibility and reconfig-
urability enable conformity to anatomical shapes and body
positions with minimal material usage, significantly reducing
both the cost and environmental footprint of the fabrication
process.

Note that this phantom cannot be used for dosimetry and
in-body power absorption evaluation. While this design is
optimized for replicating the reflection from the skin surface,
the presence of the conductive electrotextile alters the ab-
sorption characteristics, making the phantom unsuitable for
dosimetric assessments. The applicability of the reflectivity-
based phantoms tommW dosimetry was investigated in [27],
[39], [40].

The proposed phantom opens new opportunities for body-
centric measurements where flexible, conformal, reconfig-
urable or dynamic body models are needed. It is a promising
solution for various applications, such as performance testing
of wireless wearables or radars for remote human-centered
sensing and monitoring.
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