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Abstract

The deployment of wireless technologies in the radiology field requires de-
velopment of radiolucent materials allowing wireless communication. In this
paper, both the radiolucency (X-rays) and Electro-Magnetic (EM) properties
of the conductive polymer poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) are investigated to address wireless applications in the
field of the radiology. A model was developed to predict the PEDOT:PSS per-
formance and assess the interest of this material in terms of radiolucency cha-
racteristics and Electro Magnetic (EM) radiation efficiency. A PEDOT:PSS
antenna operating in the Radio-Frequency Identification (RFID) Ultra High
Frequency (UHF) band, was realized to experimentally validate abilities of
PEDOT:PSS. These performances are compared with those produced by a
similar antenna made of conventional materials such as copper. Experimental
results validate the numerical model of the designed structure. This paper
demonstrates the potential of polymer materials in the field of x-ray imaging.
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1. Introduction

Wireless technologies are more and more involved in medical fields in general
and radiology applications in particular [1]: further and further wireless tech-
nologies are involved in hospitals, to record vital signs for example [2] [3] [4].
They can allow patient monitoring at his bedside or during transport. There are

no disconnection and reconnection of cables and thus no interruption of patient
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monitoring. They prevent heavy cable equipment for heart constants on new-
borns [5]. In the medical device industry, the devices that require more and
more advances are often constrained and limited by their construction materials.
Mechanical, structural and conductive components are usually made of metals
such as aluminum, titanium and copper, but these materials are radiopaque to
x-rays. A surgeon cannot properly operate during an interventional radiology
procedure when a metallic device obstructs the image. A wide variety of applica-
tions like head supports or monitoring electrodes needs both the physical and
chemical properties of metals and radiolucent properties [6]. Today, the majori-
ty of hospitalized patients need x-rays or a scan: wireless radiolucent systems
may find application in radiology. The radiolucency is an important property of
a sensor in radiology to avoid image artifacts caused by the x-ray radiation used
in combination with dense materials. Images with errors have to be avoided: it
interferes with accurate interpretation and diagnosis. Today, wireless radiolu-
cent sensors are systems of interest to assist the medical personal.

The conductive materials commonly used in RFID are copper and aluminum
but are a priori radiopaque. Alternative solutions should be considered. The mo-
tivation of this paper is to overcome this limitation by introducing novel tech-
nologies: the best known Conductive Polymer (CP), PEDOT:PSS, which exhibits
both transparency characteristics in the visible and electrical conductivity.
PEDOT:PSS or poly(3,4-ethylenedioxythiophene) polystyrene sulfonate is a po-
lymer mixture of two ionomers. CPs are already used in photovoltaic cells or
computer displays, and are now finding applications in the field of biomaterials,
e.g. in neural electrodes [7].

The goal of this study is to propose a radiolucent antenna that can be used in
the medical field, especially in radiology. This RFID antenna could be associated
with sensors to monitor the patient and record vital signs. This wireless moni-
toring would provide a continuous follow-up of the patient during his hospitali-
zation, including in the operating room, and without disturbing imaging proce-
dures. This antenna could also be used for problems of patient’s identification.

The first part of this paper deals with the material and methods. First, the
wireless device has been modeled to quantify the radiolucency behavior to X-ray
in the case of PEDOT:PSS in comparison with the conventional materials (cop-
per). Then, the radiolucency of the PEDOT:PSS wireless device has been expe-
rimentally tested (experimental set-up) and the model has been validated (radi-
ography). At this step, the electromagnetic (EM) radiation efficiency of the
wireless device has been modeled and compared to that of conventional mate-

rials.

2. Material and Methods

For this study, we have considered a wireless device operating in the industrial,
scientific and medical (ISM) radio bands (Ultra High Frequency - UHF: 860 -

960 MHz). This wireless device is based on a Radio-Frequency Identification
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Figure 1. (a) Copper antenna (55 x 45 mm) and (b) PEDOT:PSS antenna (55 x 36 mm).
The dimensions are optimized on each antenna to maximize the EM efficiency.

(RFID) topology which mainly consists of a broadband antenna. The RFID an-
tenna is the critical element for a good performance of a RFID tag, the chip has a
limited sensitivity. With same chip performance, the range of an UHF RFID tag
may vary from by a factor two depending on antenna performance. Two ver-
sions are considered: the first one (Figure 1(a)) has been achieved using con-
ventional materials such as copper and epoxy. The second one involves exclu-
sively biocompatible materials which are potentially radiolucent (glass as a sub-
strate and PEDOT:PSS as a conductor) as depicted by Figure 1(b). PEDOT:PSS
represents a promising alternative to metallic conductors, in terms of biocompa-
tibility. We use a Clevios S V4 product of Heraeus Company that is compatible
with screen printing deposition. The copper antenna has a thickness of 35 pm
and that of PEDOT:PSS of 6 um, these thicknesses are those achievable by con-
ventional industrial processes. In both cases, the same design of the antenna is
used but the shape and size of the copper and PEDOT:PSS antennas are slightly
different as they have been adapted to optimize and maximize electromagnetic

efficiency according to Figure 1.

2.1. Model of the Radiolucency Behavior of PEDOT:PSS

The radiology device has been modeled. A model involving a vast amount of
Monte-Carlo simulations has been developed to reproduce the performance of
an x-ray device and to simulate the particle tracks and interactions with mate-
rials, according to probability density distributions implied by particle and ma-
terial properties [8]. The model is based on the Allura Xper system from Philips,
dedicated to cardiovascular interventions [9]. The system consists of an x-ray
tube and a flat panel detector that can be translated in three dimensions.

X-rays are produced in x-ray tubes. Electrons are emitted from a cathode (fi-
lament heated by the passage of an electric current) and are accelerated by a high
potential difference toward a target consisting of an anode metal. X-rays are
emitted by the target by two mechanisms:

-The braking of the electrons on the target creates a continuous radiation
(bremss trahlung).

-The accelerated electrons have sufficient energy to excite certain of the atoms

of the target, disrupting their internal electronic layers. These excited atoms emit
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x-rays returning to their ground state.

A small portion, about 1% of the kinetic energy lost by the electrons radiated
as x-rays, 99% is converted into heat energy.

The intensity and quality of the radiation emerging from an x-ray tube finally
are primarily a function of:

-High voltage potentials between 40 kV and 150 kV;

-Tube current up to 1000 mA;

-Exposure time;

-Inherent and filtrations that increase the average energy of X multi-energy
beam and remove low energy photons, unable to reach the detector, but with a
sufficient energy to reach and irradiate the patient unnecessarily (2.5 mm + 1.0
mm of Al + 0.4 mm of Cu).

We use the GATE (Gated Application Tomography Emission) platform which
has received a lot of interest in the medical physics research community because
of a number of attractive features [10]. GATE is built on an open source of the
GEANT4 Monte Carlo code, software developed by the high energy physics
community to design its very large detectors [11] [12]. A macro mechanism is
integrated into the code to reproduce simple or sophisticated experimental set-
tings.

Geometry of the x-ray device is designed according to the manufacturer data.
In order to obtain simulated images, the detector is modeled as a CsI flat plate. It
is positioned in line with the radiation beam’s central axis and the distance be-
tween the detector and the x-ray tube is of 100 cm. Still using the GATE plat-
form, both the antennas are modeled by considering their materials, the dimen-
sions used are those of PEDOT:PSS antenna (Figure 2).

A complete x-ray tube simulation is a very time-consuming task because a
large number of photon events are involved to obtain an energy distribution of
the beam (spectra). To overcome this issue, it is possible to use many computing
theoretical x-ray spectra that have been developed which are in adequacy with
the use of GATE. We choose to base our x-ray prediction model on the software
program SpekCalc (Institute of Cancer Research in London, UK) [13] [14] [15].
SpekCalc calculates x-ray spectra from a tungsten anode x-ray tube. Input para-

meters are peak voltage, anode angle, equivalent aluminum filtration ... The

(a) (b)

Figure 2. (a) Antenna model, (b) Antenna and x-ray tube, (c) Simulation.
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Monte-Carlo simulations are extremely consuming in computing time, the si-
mulation execution on a single station is critical if the results are expected with
realistic time. The Virtual Imaging Platform (VIP) is used to facilitate access to
simulators and to the computing means and storage required for the simulation

of medical images [16].

2.2. Experimental Radiolucency of PEDOT:PSS
and Validation of the Model

Antennas are directly placed on the detector for radiography. This situation
represents the worst case in terms of radiolucency. In a normal situation, the pa-
tient’s presence and the examination table attenuate the x-ray beam on the an-
tenna and improve the radiolucency of the antenna. Projection radiography im-
ages were acquired considering the same irradiation geometry employed in ob-
taining the experimental images and according to the same image format. For
each simulation, 10'° photons were emitted according to the x-ray spectra, to re-
produce as accurately as possible an x-ray image taking into account the perfor-
mance of the computer.

Studies dealing with radiolucency are most often confined to a visual compar-
ison [17] [18] [19]. The visual estimate of the radiolucency or not of the antenna
depends on the operator and is therefore much more subjective. Our model al-
lows us to deepen the subject and also to compare the images numerically. It is
here that a numerical analysis becomes interesting to characterize the radiolu-
cency of a material: the grey level of the profile along a line (Figure 3) has been
plotted for used images; these curves are normalized to the average of the grey
values of pixels in the background of the image.

From an energy point of view, the impact of the presence of the antenna on
the beam quality, and therefore on the quality of the produced image is also stu-
died. For that, energy spectra are calculated after irradiation of the antenna and
are studied. These spectra represent the number of photons detected by the de-

tector as a function of their energy; they directly influence the properties of the

Figure 3. Region of interest along a line for the image profile.
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image. For easier reading of spectra, the antennas are modeled by plate of copper
and PEDOT:PSS that cover the detector, with the same thickness as that used for
the antennas. 10" particles are simulated; the energy spectra are normalized by

the total number of particles.

2.3. Model of the EM Radiation Efficiency of PEDOT:PSS
and Conventional Materials

The numerical simulation allows us to estimate how the copper and PEDOT an-
tennas radiate into space. The simulation procedure is to draw the 3D geometry
of the simulated device, specifying the materials used for each element of the
structure.

The CST software is dedicated to the simulation and design of RF circuits and
electronic systems. This software uses finite differential elements to calculate
electromagnetic fields in 3D. It gives among others, the values of the parameters
of the structures, its radiation pattern and gain, which determines its radiative
efficiency and then the reading distance. To model the PEDOT conducting
structure we consider the film as a thin layer of a sheet conductivity simulated as

a lossy material, with the temporal solver and an adaptive hexahedral mesh.

3. Results
3.1. Visually and Numerically

The images are first studied visually: experimental and simulated images are
compared (Figure 4). The results obtained are those expected and provide re-
sults comparable to those obtained experimentally: it validates the model as first
estimate of radiolucency, it reveals the radio-opacity of the copper antenna (35
pum) and the radiolucency of the PEDOT:PSS antenna (6 um). On PEDOT:PSS

55 mm

45 mm

(d)

Figure 4. Visual comparison between model and radiography. (a) Copper radiography,
(b) PEDOT:PSS radiography, (c) Copper simulation, (d) PEDOT:PSS simulation.
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Figure 5. Radiolucency comparison of three copper thicknesses: (a) 35 um copper, (b) 18
um copper and (c) 6 um copper.
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Figure 6. Profile along a horizontal line on the image.

radiography, only the packaging strap, which allows the antenna to be connected
to the RFID chip, is visible. This packaging strap whose precise composition is
unknown, is not simulated in our model. Other copper thicknesses (18 um and 6
um) were simulated with the model in order to investigate the limits of the radi-
olucency of copper (Figure 5). The 18 micrometers antenna is clearly visible.
The 6 micrometers copper antenna of the same thickness as the thickness of the
PEDOT antenna looks like still visible on the image.

Figure 6 illustrates the grey level of the profile along a line and has been plot-
ted for each of these images. It highlights the attenuation of different materials:
air, glass, copper and PEDOT:PSS. In this graph, the greater the copper thick-
ness is, the higher the grey value of pixels is. The curve representing the 18 mi-
crometers antenna profile confirms the visual radiopacity previously presented.

About the antenna of 6 micrometers, its profile is slightly above that of the glass,
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this explains its weak opacity in the image. Regarding the antenna PEDOT, pro-
file in PEDOT and profile in glass have no difference which proves its radiolu-
cency.

Figure 7 compares the energy of photons after the passage of 35 micrometers
of copper, 6 micrometers of PEDOT and in the reference case where there is
nothing (in the air). There is no influence from the antennas, whether copper or
PEDOT:PSS. Figure 8 compares different copper thicknesses. Thick plate of 400
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Figure 7. The impact of copper and PEDOT:PSS on the beam quality.
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Figure 8. The impact of copper on the beam quality.
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micrometers of copper provides a benchmark for the medical physicist: this kind
of plate is commonly used as a filter to harden the beam in radiology and reduce
low energy photons that have no use. The spectra for thicknesses of 6, 18 and 35
micrometers do not exhibit differences. Their radiopacity involves no impact at

the energy level and therefore no impact on the quality image.

3.2. Radiation Efficiency

The copper based antenna conductivity is about 5.8 X 10’ S/m with a thickness
of 35 um and that of the PEDOT antenna is around 1.5 x 10* S/m with a thick-
ness of 6 um. Thicknesses are dependent on the processing method. 35 pm cop-
per thickness is a conventional industrial process. The deposited PEDOT:PSS
thickness is small, beyond this thickness, the processing printing method cannot
be directly integrated to industry.

The antenna efficiency depends on the deposit thickness and conductivity of
the material. Efficiency of the copper based antenna is 92% for a thickness of 35
pum. For a thickness of 6 pum, the copper antenna efficiency decreases to 37%.
The optimization of the PEDOT:PSS antenna structure permits it to reach an ef-
ficiency of 10% with PEDOT conducting product which lead to suitable radia-
tion performance (Table 1).

Despite the fact that we have four thousand times less in conductivity, the low
deposited thickness and a lower radiation efficiency, this antenna allows howev-
er a maximum read distance of 75 cm which is suit for most of traceability and
medical applications. The antenna efficiency leads to a low gain and read dis-

tance compared to the copper antenna.

4. Discussions

The above results characterize materials in terms of radiation efficiency and ra-
diolucency and highlight the PEDOT:PSS. These results allow us to correlate the
image contrast, efficiency and the thickness of the material.

In Figure 9, contrast is calculated using Equation (1):

_ mean ROI —mean BACKGROUND
mean BACKGROUND

C (1)

where mean ROI is the average of the pixel grey values in the region of interest
and mean BACKGROUND is the average of the pixel grey values in the back-
ground of the image.

Calculating contrast requires consistent and sufficiently large regions of inter-

Table 1. Efficiency of antennas.

Antenna type Copper Copper PEDOT:PSS
Thickness (um) 35 6 6
Conductivity (S/m) 5.8 x 107 5.8 x 107 1.4 x10*
Efficiency 92% 37% 10%
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Figure 9. Efficiency and contrast in function of PEDOT:PSS thickness.
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Figure 10. The impact of PEDOT:PSS on the beam quality.

est on the image to make it meaningful and define regions of interest. The an-
tenna is of small size, larger objects like plates of specific thickness are used to
obtain a coherent result. Three specific thicknesses are studied: 6 micrometers
represent the current structure of our antenna, 140 micrometers is the skin
depth associated to this antenna, 420 micrometers represents three times of the
skin depth, antenna efficiency is then the highest. As seen above, we get an effi-
ciency of 10% for the PEDOT antenna with 6 um thickness. Our model allows us
to determine that the efficiency is 63% for the skin depth and almost reaches
90% for a thickness of 430 um. In this thickness range of PEDOT, the contrast is
low and slowly increases to reach 0.5 for a thickness of 430 um. Thus, regardless
of the thickness of PEDOT considered, the antenna remains radiolucent. Figure
10 finally shows that PEDOT antenna has no influence on the X-ray beam up to
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a thickness of 0.4 mm.

Consequently, for the desired detection range, it is possible to determine the
necessary efficiency and deduce the thickness of the PEDOT antenna. This
process will minimize the amount of material to use when printing methods al-
low. Figure 9 finally shows the trade-off between radiation efficiency and con-

trast according to material thickness.

5. Conclusions

In this study, we have demonstrated that the radiolucency and radiation effi-
ciency of a material may be estimated by our predictive model. Our model could
be reused to optimize both radiolucent and Electro Magnetic characteristics for
other antennas depending on the applications. This model for quantifying the
radiolucency could also be used for the characterization of materials used for
medical implants. Today radiopacity or radiolucency of implants is generally es-
timated once they have been implanted, usually visually according to the medical
images and depending on the user. Using our simulations would give a new
perspective to medical staff and reduce research cost from an industrial point of
view. The potential of PEDOT: PSS as a radiolucent and radiating material has
been explored and reveals a promising material for radiology. The reasonable
read distance is suitable for wireless medical technologies; the radiolucency of
PEDOT:PSS is adapted of the x-rays used in medical imaging. The antenna pro-
posed in this study could be combined with a sensor recording vital signs like
temperature, blood pressure sensor or ECG electrodes. In this way, a complete
wireless monitoring will be achievable on a daily basis, during imaging proce-

dures or in the operating room.
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