N
N

N

HAL

open science

Flexible Electromagnetic Phantom with Electrotextile
Backing for 60 GHz Wearables and Remote Monitoring

Rossella Rizzo, Maxim Zhadobov, Giulia Sacco

» To cite this version:

Rossella Rizzo, Maxim Zhadobov, Giulia Sacco. Flexible Electromagnetic Phantom with Electrotextile
Backing for 60 GHz Wearables and Remote Monitoring. BioEM 2024, Jun 2024, Crete, Greece. hal-

04709158

HAL Id: hal-04709158
https://hal.science/hal-04709158v1

Submitted on 25 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04709158v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Flexible Electromagnetic Phantom with Electrotextile Backing for 60 GHz
Wearables and Remote Monitoring

Rossella Rizzo, Maxim Zhadobov, Giulia Sacco
Univ Rennes, CNRS, Centrale Supelec, Nantes Université, IETR UMR 6164,
F 35000 Rennes
rossella.rizzo@univ-rennes.fr, maxim.zhadobov@univ-rennes.fr, giulia.sacco@cnrs.fr

INTRODUCTION

Over the years wireless sensors have replaced wired devices in several medical applications [1],
especially for on-body or near-body monitoring of physiological activities. The millimeter-wave
(mmW) range around 60 GHz [2] is a promising solution for short-range high-resolution radar sensing
and monitoring of physiological parameters. To evaluate the wireless performance of such devices, it
is essential to test them under controlled real-life scenarios, considering posture variations and body
movements. To this purpose and to avoid testing the devices directly on human beings, experimental
tissue-equivalent phantoms with electromagnetic (EM) properties similar to those of the body tissues
have been proposed over the years. Phantoms can be categorized as liquid, semi-solid, and solid based
on their physical properties. Water-based liquid phantoms are suitable for in-phantom measurements,
including assessing specific absorption rate (SAR) and testing of wearable devices [3]-[5]. Semisolid
phantoms have similar mechanical properties to human tissues [6] and find application in wearable
technology and body area network (BAN) testing [7], [8]. For instance, agar-based phantoms have been
effectively used in the 55-65 GHz range for body-centric propagation and on-body antenna
characterization [9]. Solid phantoms can maintain their biomimicking properties for an extended period
(due to the absence of water) and offer the possibility of creating complex shapes [10]. These phantoms
are suitable for evaluating the impact of human body proximity on wearable devices' performance or
characterizing on-body propagation channels [11]-[14].

This paper introduces the first electrotextile-based flexible solid mmW phantom designed to
realistically emulate the reflection coefficient of human skin at frequencies around 60 GHz. The
phantom is thin, lightweight, and maintains its dielectric and mechanical properties over time. Thanks
to its characteristics it may be used to model curved body parts as well as to reproduce macro and micro-
movements of the body surface (for instance for heartbeat or respiration monitoring).

PHANTOM DESIGN

The reflection coefficient at the air/skin interface is roughly 60% at 60 GHz at the normal incidence
[15]. It strongly depends on the polarization and the incidence angle [16], varying from 20% to 100%
for transverse magnetic (TM) mode and from 60% to 100% for transverse electric (TE) mode. To
emulate the skin’s reflection coefficient, using solid phantoms, conductive and high-permittivity
additives are usually incorporated into a lower-permittivity base material during the curing process. The
proposed phantom is composed of silicone mixed with 40% (in weight) of carbon powder and backed
with an electrotextile (¢ = 1.96 x 10° S/m). The electrotextile acts as a ground plane, also shielding
from the presence of an object behind the phantom. The chosen weight ratio of carbon to silicone is a
compromise between the necessity to increase the complex permittivity and the need to maintain its
elastic properties. The complex permittivity of the silicone-carbon mixture is measured using the DAK
TL-2 system within the 5-65 GHz range. At 60 GHz, the measured relative complex permittivity is
13.3- (1 —j-0.28).

Optimization:

An analytical transmission line model was developed and implemented in MATLAB to expedite the
investigation of the EM behavior of the phantom. The model considers two interfaces: air/silicone-
carbon and silicone-carbon/electrotextile. Characteristic impedances are calculated for both TM and TE


mailto:rossella.rizzo@univ-rennes.fr
mailto:maxim.zhadobov@univ-rennes.fr
mailto:giulia.sacco@cnrs.fr

polarizations, and the reflection coefficient is then calculated at the air/phantom interface. This
coefficient depends on the thickness of the silicone-carbon layer. The phantom thickness is optimized
to minimize the relative deviation between the reflection coefficients at the air/phantom and air/skin
interfaces. The relative permittivity of dry skin is taken from Gabriel et al. [17] (7.98 - (1 —j - 1.37)).
During optimization, the silicone-carbon layer’s thickness is varied from 1 mm to 3 mm and the
incidence angle from 0° to 60°. The analysis indicates that thicknesses from 2 mm to 2.2 mm yield the
best fit with the scattering properties of skin, considering the magnitude and the phase of the reflection
coefficient. The thickness of 2.1 mm is selected for the phantom, as this value falls in the midpoint of
the optimal range of thicknesses. This makes the phantom more robust to the thickness uncertainty of
the fabricated phantom (typical uncertainty is within 5%). Figure 1 (a) and (b) show, respectively, the
magnitude and phase of the reflection coefficient at the air/skin and the air/phantom interfaces at 60
GHz. Comparing the coefficients of the phantom and the skin models the average relative error for the
amplitude is 2.7% for TM polarization and 1.7% for TE polarization. The phase average errors are 8%
and 4.6% respectively, with a maximum relative error of 16.2% for TM mode at 60°. Note that these
variations are within natural physiological variations, such as age or skin moisture [18]. The chosen
phantom thickness demonstrates reliable performance in emulating skin behavior in the frequency range
around 60 GHz.
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Figure 1: (a) Magnitude and (b) phase of the reflection coefficient for the skin and the phantom at 60 GHz.

REALIZATION AND VALIDATION

The phantom was then fabricated using SYLGARD 184 Silicone Elastomer base and curing agent [19],
and Sigma-Aldrich 484164 Carbon powder [20]. The process begins by mixing one part of the curing
agent with ten parts of the base, followed by adding carbon to achieve the 40% concentration in the
composite’s total weight. Thorough mixing ensures homogeneity while vacuum degassing removes air
bubbles introduced during the preparation process. The mold was then placed in an oven at 110°C for
two hours, to solidify the liquid composite. For optimal electrotextile stretching without folds, the
silicone-carbon layer was placed flat, and the textile was stretched while silicone was poured to glue it.
After curing the silicone in the oven for an hour, we obtained the flexible phantom shown in Figure 2
(a) and (b).
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Figure 2: Realized flexible phantom for (a) planar and (b) conformal configurations.

Reflection coefficient measurements:

To validate the prototype, we measured the phantom's reflection coefficient and compared it with the
reflection coefficient of human skin. The measurements were performed with a transmission/reflection
quasi-optical setup, using a focusing lens and a horn antenna. The reflection coefficient was derived
over a frequency range from 55 GHz to 65 GHz and then compared to the reflection coefficient of
human skin. The results (Figure 3) show good agreement between the two coefficients. The average
relative error is below 3%, with a maximum relative error reaching 6.6%.
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Figure 3: Magnitude of the reflection coefficient derived from the measurements compared to the coefficient of the skin in
the 55-65 GHz range.

CONCLUSIONS

In this study, we developed and validated a novel flexible electrotextile-based phantom capable of
replicating the scattering characteristics of human skin within the 55-65 GHz range. Unlike
conventional rigid bulk phantoms, our design achieves flexibility through a thin structure and exhibits
robustness to thickness uncertainty. The configuration is optimized to achieve scattering properties
closely resembling human skin. The ideal configuration corresponds to a 40% carbon concentration in
weight and 2.1 mm of thickness and exhibits relative deviation within 2.7% for the magnitude and 8%
for the phase of the reflection coefficient at 60 GHz for 0°-60° angles. A proof-of-concept prototype
displayed a reflection coefficient with a maximum relative error of 6.6% compared to human skin (for
normal incidence) in the 55-65 GHz range.



This innovative phantom holds promise for diverse applications, including testing the performance of
wireless wearables, radars for remote human-centered sensing and monitoring, and facilitating body-
centric measurements where flexible, conformal, reconfigurable, or dynamic body models are
essential. Its flexibility enables accurate reproduction of curved body parts, and its thin profile
facilitates the emulation of micro-movements on the body surface, such as those caused by heartbeat
or breathing.
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