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Abstract
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This paper presents the design of a resonant system for in vitro studies to emulate the exposure
of a monolayer of cells to a wireless power transfer system operating at 13.56 MHz. The design
procedure targets a system which maximizes the specific absorption rate (SAR) uniformity on the
plane where the layer is cultured, as well as SAR efficiency (defined as SAR over the input power),
within the size constraints of a standard incubator. Three resonant wireless power transfer systems
with different commonly used loop/coil geometries (cylindrical with circular and square cross-
sections and annular) were compared to assess the configuration maximizing the considered design
criteria. The system performance in terms of reflection and transmission coefficients, as well as
generated E- and H-fields, was characterized numerically and experimentally inside the incubator.
Moreover, SAR was computed at the monolayer level. The system equipped with cylindrical coils
with square cross-sections led to a high EM field uniformity in in vitro biological samples. In
particular, the uniformities in E and SAR at the layer level were within 7.9% and 5.5%,

respectively. This was achieved with the variation in H below the usually considered £5% limit.

Keywords: Exposure system; dosimetry; in vitro; resonant wireless power transfer (WPT); HF

measurements.

Introduction

Resonant wireless power transfer (WPT) technology operating in the high frequency (HF) band

has increasingly found its applications in consumer electronics, healthcare, and electric vehicle



charging [Sample et al., 2011]. There has been an increasing public safety concern related to
potential biological effect issues such as the potential health risks due to the electromagnetic field
(EMF) radiation of this ubiquitous and indispensable technology [Koohestani et al., 2018]. There
exist several international safety guidelines and standards (e.g. ICNIRP, IEEE, and CENELEC)
limiting the exposure to EMFs in the frequency range from 0 to 300 GHz [ICNIRP, 1998; ICNIRP,

2018; CENELEC, 2008; IEEE, 2010].

Potential health and biological effects of EMFs have been mainly evaluated through
epidemiological, in vitro and in vivo studies. There is a number of controversial results in the
evaluation of biological effects due to inaccurate dosimetry and lack of well-characterized exposure
systems [Durney et al., 1986; Guy et al., 1999; Kuster et al., 2000; Paffi et al., 2010;]. This fact
promoted detailed design and characterization of exposure setups to study potential biological
effects, providing design procedure guidelines, optimization, implementation, and validation. In
[Kuster et al., 2000], exposure setup guidelines were provided for evaluation, optimization,
construction, and verification of EMF exposure characterization. In [Paffi et al., 2010|, a practical
procedure was proposed for a quality exposure system considering different techniques depending
on the reference RF structure (resonant, propagating and radiating) and at different operating

frequencies (from 180 MHz up to 50 GHz).

The uniformity of exposure in in vitro experiments is one of the challenges [Kuster et al., 2000]. A
variation of +3% up to £5% is usually considered acceptable for magnetic (H) field distributions
[Zhadobov et al., 2013; Miyakoshi et al., 2008; Sakurai et al., 2012; Mizuno et al., 2014, however,
there is no generally accepted rule for electric (E) field and specific absorption rate (SAR). Another
concern is the power efficiency of exposure systems. In general, the target is to maximize the EM
fields and SAR at the level of cells, while decreasing the required input power. This further explains

the reason behind the increasing use of two-coil resonant WPT-emulating systems for in vitro



experiments in the low MHz range because of the strong E- and H-fields around the resonating
coils. Note that a one-coil resonant system generates a much lower EM field intensity whereas a

higher number of coils is not practical due to size limit imposed by the incubator.

A solenoid is well known to produce strong uniform magnetic fields inside the coil depending on
the applied current, geometry, and number of turns per unit length. Several studies investigated
the EM exposure to WPT systems with respect to the international safety limits [Mizuno et al.,
2014; Mizuno et al., 2015; Chun et al., 2014; Park et al., 2013; Koohestani et al., 2017; Christ et
al., 2013]. Among them, in [Mizuno et al., 2014; Mizuno et al., 2015; Chun et al., 2014; Park et
al., 2013] cylindrical solenoid-shaped coils have been used as the WPT elements to mimic and
assess the WPT exposure in HF band. In [Koohestani et al., 2017; Christ et al., 2013|, planar
solenoid-shaped coils have been employed. As it is generally unclear which WPT system, in terms
of loop/coil geometry and topology, provides a higher uniformity and exposure level of EM fields
and specific absorption rate (SAR) with respect to the input power, a comparative study was

conducted here to investigate WPT systems of different loops/coils geometries.

Recent in vitro exposure systems have mainly focused on exposure assessment in the extremely
low (i.e. tens of Hz) [Yamazaki et al., 2000], very low (i.e. tens of kHz) [Koyama et al., 2014, and
high frequencies (i.e. hundreds of MHz) [Zhadobov et al., 2013; Schuderer et al., 2004], while less
attention has been paid to the HF dosimetry at low MHz frequencies (i.e. from a fraction of MHz
to tens of MHz), increasingly used for WPT technology. There exist several standard operating
frequencies (ISM bands) for in vitro HF WPT systems such as 6.78 MHz and/or its harmonics
(13.56, or 27.12 MHz). As a compromise between size constraints imposed by the incubator and
achievable transfer efficiency in different frequencies, the mostly used second harmonic (13.56

MHz) was adopted in this study.



There are a few exposure systems designs operating around 13.56 MHz, mainly evaluating the
exposure to radio frequency identification (RFID) tags and readers (e.g. [Hohbergerm et al., 2009;
Seidman et al., 2014]). Conversely, very few in vitro WPT exposure systems operating at 13.56
MHz are reported in the literature [Mizuno et al., 2014; Mizuno et al., 2015|. In those studies, the
position of the tissue culture plate was fixed (between the transmitting and receiving coils closer
to the latter), and the coil size was optimized taking only into account the uniformity of the
magnetic field distribution in absence of the tissue culture plate and culture medium. Moreover,
since such systems are designed to evaluate in vitro biological effects, it is important to cover the

power range up to SAR exposure limits. The latter has not been addressed in those studies.

In the current study, we focus on the design and characterization of an experimental setup
developed to investigate potential biological effects due to WPT exposure at 13.56 MHz. The
adequacy of WPT systems with different loop/coil geometries is assessed, considering the
uniformity of EM fields and SAR as well as SAR efficiency (defined here as SAR over the input
power) as exposure metrics. The general design procedure is different compared to that in [Mizuno
et al., 2014; Mizuno et al., 2015]; a 13.56 MHz WPT system with maximum achievable transfer
efficiency and impedance matching is designed inside an incubator. The position of the tissue
culture plate including the culture medium, which is usually not considered in the exposure system
design stage, is selected to maximize the uniformity as well as E-field and SAR with respect to the
input power, in addition to the generally considered H-field variation at the bottom of culture

medium.

Materials and Methods

This section presents the design and the simulation strategy of a resonant exposure system using

a magnetically coupled WPT operating at 13.56 MHz, taking into account the influence of design



parameters on dosimetric quantities. To avoid repetition, the test bench is introduced first as most

of the equipment was modeled in simulations.

A. Exposure Setup and Method

Figure 1 shows an ad-hoc experimental setup built for in vitro studies at 13.56 MHz. The setup
comprises two identical resonant coils of 10 turns and 8 mm pitch, each driven by a single turn
loop. Coils are separated by 10 cm and are axially aligned together with the loops; the distance
was chosen to minimize the impact of the incubator as a neighboring conductor on the power
transfer characteristics of the system. The loop and coil parameters (i.e. pitch, number of turns,
inner/outer radii) were optimized for the systems to resonate at the frequency of interest (i.e. 13.56
MHz). The outer dimensions of the loops and coils are 25 cm x 25 ¢cm and 18.5 cm x 18.5 cm,

respectively. They are made of copper rods with 2.5 mm outer diameter.

The transmitting (Tx) loop is connected via a low-loss and high power cable to the signal
generation unit comprising a 100 kHz-22 GHz SMD 100A signal generator (Rohde & Schwarz
Munich, Germany) and a 10-15 MHz ref1014-1000 high power amplifier (RFPA, Artigues-prés-
Bordeaux, France). Depending on the power, the receiving (Rx) loop is terminated with two
different power 50-Q loads (Huber & Suhner 65-N, Herisau, Switzerland, or Bird Technologies
Termaline 8251N, Solon, OH). A tissue culture plate made of polystyrene (BD Bioscience, Le Pont
De Claix, France), including six wells of 17.5 mm radius and 20.2 mm height containing a cell
monolayer (from 0.1 to 0.2 million per well) and culture medium, was placed between the coils 10
mm (d = 10 mm) above the Rx (for the final system design, this distance might be different; see
more details in Section III). The culture medium (6 ml per well, almost half filled) is Dulbecco's
modified Eagle medium (DMEM, Gibco/Life Technologies, Carlsbad, CA) supplemented with 8%
fetal calf serum (FCS), 1% antibiotics, and 1% L-glutamine. The dielectric properties of the culture

medium at the frequency of interest were measured using a 10 MHz-3 GHz DAK-12 coaxial



dielectric probe kit (SPEAG, Zurich, Switzerland) at 37+0.2 "C and are shown in Figure 2. The
relative permittivity and conductivity of the DMEM medium at 13.56 MHz are 120.2 and 1.375

S/m, respectively.

A Holaday (ETS-Lindgren, Cedar Park, TX) HI-2200 radio frequency (RF) meter equipped with
a H210 magnetic field probe (300 kHz-30 MHz, 0.3 to 30 A/m dynamic range) and E100 electric
field probe (1 MHz-4 GHz, 0.3 to 800 V/m dynamic range) were used for EM field measurements.
For an increased accuracy, since the averaging volume and influence of the probes can be
considered significant, the probes were modeled in simulations.

The system was located inside an IFE 400 incubator (Memmert, Biichenbach, Germany) with
inner dimensions 400 x 330 x 400 mm® to maintain the temperature at 37 °C. A stand made of
Plexiglas €, = 3.4 and tand = 0.001 at 13.56 MHz) was designed to hold the WPT system elements

and tissue culture plate (Fig. 1).

It is worth stating that the system is equipped with a carrier for the optical fiber probes that can
be used for temperature measurements. Heating characterization is beyond the scope of this initial

study, which is focused on low-power bioelectromagnetic experiments.

B. Simulation Setup and Method

The test bench was entirely reproduced in simulations, in terms of geometry and dimensions,
excluding the input/output cables. Ansys HFSS commercial full-wave electromagnetic simulation
package based on finite element method [HFSS, 2018] was used for numerical analysis. In the
numerical models, the WPT elements (loops and coils) and the metallic parts of the incubator
were considered copper and stainless steel, respectively. Polystyrene (e, = 2.6 and tand = 0.001 at
13.56 MHz) was chosen for the culture plate. The measured electromagnetic properties of the

culture medium with 1.16 g/cm® mass density were set in simulations (see more details in the next



section). The materials used to model the field probes were plastic and FR4 epoxy for the sensor
protection cover and support, respectively. 50-{) coaxial connectors were only modeled for the

input and output ports of the final system design.

Simulations were performed using a rigorous iterative algorithm based on mixed order basis
functions to refine the mesh, noting that mixed order efficiency is comparable or better than all
single order basis functions in terms of total mesh elements, number of convergence passes, elapsed
time and memory [HFSS, 2018|. This was confirmed in the first simulation to study the WPT
system performance, and then considered for the rest of the simulations. A local mesh of 0.1-mm
resolution was used in simulations at the bottom of each well. The considered dosimetric quantities
are E, H, and local SAR, and all presented results were computed for 1 W input power at the
system resonant frequency, i.e. 13.56 MHz. Note that the proposed in vitro system was designed
for exposure conditions when the cells are attached to the bottom of a well. Therefore, due to the
tiny cell's thickness (typically 5-15 pm), a local (unaveraged) rather than averaged SAR was
considered. Moreover, due to the negligible impact of the cell monolayer on EM field and SAR
distributions within a well [Zhadobov et al., 2013|, due to its very tiny thickness, it was not

included in the numerical model.

Since it was practically impossible to measure the EM fields in the wells with the field probes
larger than the wells’ dimensions, an indirect approach was used to quantify the EM field in the
tissue culture medium. To this aim, we first numerically simulated the designed WPT system
inside the incubator in presence of the tissue culture plate containing the samples to obtain the
EM field distributions in the incubator. Both E- and H-fields inside the incubator were then
measured and compared to the numerical data to validate the simulations; a similar approach was
previously employed in [Zhadobov et al, 2013|. Finally, the EM field and SAR distributions inside

the tissue culture medium were analyzed numerically.



C. Impact of different parameters on dosimetric quantities

Three exposure systems with different coil geometries (cylindrical with circular and square cross-
sections, and annular) operating at 13.56 MHz were designed, targeting a maximum power transfer
efficiency (defined as the square of the transmission coefficient |Sy|”> [Koohestani et al., 2017|)
inside the incubator (Fig. 3). The latter is important to ensure optimal coupling among WPT
elements, which further provides higher EM field intensity [Mizuno et al., 2014; Koohestani et al.,
2017|. As described in subsection II-A, each configuration consists of two identical resonant coils,
each one driven by a single turn loop, which were optimized according to the methodology
suggested in [Koohestani et al., 2017] for a fixed distance of 10 cm between Tx and Rx coils;
detailed design parameters are given in Table I. The three considered WPT systems have an input
matching level better than -20 dB (0.01 in linear) with a maximized transfer efficiency greater

than 90% at the frequency of interest.

For the next step, the tissue culture plate was moved along the coil axis with d ranging from -20
mm to +30 mm with a 10 mm step to find its optimum position for the highest possible uniformity
and level of EM fields and SAR; d = 0 mm refers to the lower side of the culture plate being in
line with the upper plane of the Rx coil, as shown in Figure 3¢, and the minimum of d = -20 mm
was chosen to ease the access to the tissue culture plate during the exposure experiments. Note

that the wells of the tissue culture plate were fully filled with the culture medium.

Moreover, depending on the incubator and the WPT system dimensions, the tissue culture plate
orientation can be important as it may help biologists to reach the plate easier. To further
investigate the impact of orientation, for a fixed value of d = +10 mm, the tissue culture plate

was rotated by 90".



Furthermore, one advantage of the designed WPT system is to provide the highest possible
matching level and efficiency without using matching circuits connected to the system. However,
it is common to facilitate the integration of an external matching circuit to adjust the system
operating frequency whatever the design, which is indeed more practical. This is known to reduce
the coupling between the WPT system elements in free space, and consequently lower fields and
exposure levels [Koohestani etal.,, 2017|. The aim is to assess to what extent that reduction in the
field strength influences the level, variation, and uniformity of E, H, and SAR at the bottom of
the tissue culture dish inside the incubator. As a demonstration showcase, although it may not be
practical, to achieve that goal, the length of the Tx coil was initially increased (by 8.9 mm) to be
able to shift down the system resonant frequency on purpose (to 13 MHz). The latter was then
shifted up from 13 to 13.56 MHz using additional LC matching circuits connected to its two ports

(L = 1 pH in series, C = 270 pF in parallel).

Finally, the culture medium volume is usually chosen between a half of and almost full well. It is
mainly needed to provide the nutrition to cells, and to avoid possible leakage to the neighboring
wells by touching the culture plate cover during transportation. Since the volume of the culture
medium may vary for different sets of in vitro experiments, it may potentially impact the SAR
distribution and total power absorption in the culture medium, as well as resulting heating.
Therefore, we investigate the impact of the culture medium volume, being half- or fully-filled, on

the uniformity and exposure level of EM field and SAR.

Numerical Results

This section deals with the numerical results obtained following the methodology to design a
resonant exposure system at 13.56 MHz. First, a comparison study among the most commonly
used geometries for WPT loops/coils was performed to assess the configuration providing (i) the

most uniform E, H, and SAR distributions and (ii) the highest SAR efficiency. It was then followed



by a parametric study to find the optimal location as well as the impact of the orientation of the
tissue culture plate between the Tx and Rx parts, in accordance with the two previously mentioned
design criteria. Finally, the influence of key parameters contributing to the results was assessed
such as the use of a matching network to adapt the system at a desired frequency, and the volume
of the culture medium inside the wells. Variation, also known as coefficient of variation, of the
considered dosimetric quantities was calculated as the ratio of standard deviation to mean value
[Kuster et al., 2000]; it is usually taken as the non-uniformity degree of dosimetric quantities within
one well. Note that the mean value and variation were evaluated from the monitored E, H, and
SAR over the 2D circular surface at the bottom of the wells (where the cell monolayer is located)
extracted from HFSS. In all tables, E, H and SAR are denoted “mean + standard deviation”.
Moreover, uniformity was calculated as the difference among variations in the wells.

Furthermore, since 1 W input power was considered in all simulations, SAR efficiency is
numerically equal to SAR, but expressed in kg™. Only SAR efficiency was considered, as SAR is a

function of E and only variation (not levels) matters for H.

A. WPT Coil Geometry

Table II presents the magnitude and variation of E, H, and SAR obtained at the bottom of only
wells #1 and #2 as showcases' with the tissue culture plate placed 10 mm above the Rx coil.
While all the considered exposure systems result in almost similar E, H, and SAR variations, the
square loops/coils configuration provides higher exposure levels compared to the other two
geometries; the SAR efficiency of the cylindrical /square WPT was increased by a maximum of
30.7% and 423% with respect to the cylindrical/circular and annular systems, respectively. In other

words, using a WPT system with square loops/coils makes it possible to obtain a better SAR

! mainly for the sake of brevity. Results for all six wells are only provided in section IV for the final design
of the system.



efficiency, with only a small impact on uniformity. This leads to system cost reduction by
considering a power amplifier with much lower output power. Hence, for the rest of the study, a

WPT system equipped with square loops/coils was considered.

B. Impact of Tissue Culture Plate

(1) Position: A Plexiglas stand for the WPT system was included in the simulations. It is worth
mentioning that comparing the results provided in Table II and Table III for a square WPT with
d = +10 mm clearly shows the impact on dosimetric quantities; the SAR efficiency decreases by
5.9% in well #1 while being unchanged in well #2. Moreover, the mismatch due to the tiny
frequency shift (< 0.02 MHz, verified with measurements) caused by the movement of the culture

plate was compensated by adjusting the input power.

E, H, and SAR variations and levels are summarized in Table III. As it can be seen, with the
increase of distance d, the exposure level decreases while the variation gradually increases at
distances larger than d = +10 mm. Although the magnetic field variation was below 5%, SAR
efficiency results for d = -20 mm and +10 mm were compared in order to monitor the highest
possible impact of the culture plate position, ignoring cases with d = +20 mm and +30 mm, due
to the inhomogeneity of SAR in wells #1 and #2. With the increase of d from -20 to +10 mm,
SAR efficiency decreases by 31.9% and 39.1% in wells #1 and #2, respectively, while the
uniformity varies by a minimum of 3.3% (between -20 and -10 mm in well #2) to a maximum of

18.4% (between 0 and +10 mm in well #1).

Since the considered 13.56 MHz frequency is above the frequencies where the nerve stimulation
effects are dominant, only SAR was considered in the study [ICNIRP, 1998; ICNIRP, 2018]. To
mimic the worst case scenario, the SAR limit of 2 W /kg for head and trunk (even if it refers to an

averaged SAR) was considered instead of the one for limbs (4 W/kg), as a reference for laboratory



intercomparison on biological data. In order to provide an estimation of the maximum allowable
input power (MAIP), its value satisfying the aforementioned SAR limit was calculated. To not
exceed the SAR limit, with the dosimetric values in well #1, the MAIP for d = -20 mm and +10
mm were 21.2 W and 31.2 W, respectively. For power and associated cost concerns, d = -20 mm
can be considered a suitable position, as it offers a good trade-off between the highest possible

SAR efficiency and uniformity.

(2) Orientation: Table IV provides E, H, and SAR at wells #1 and #2 for 1 W input power at
13.56 MHz for a tissue culture plate rotated by 90°. Comparing the results in Table III for d =
+10 mm to those given in Table IV indicate higher E, H, and SAR levels with different impacts
on variation. The SAR efficiency in wells #1 and #2 for the considered orientations were increased
by 5.9% and 6.9%, respectively. Therefore, we conclude that changing the orientation of the tissue
culture plate can help to reduce cost and to increase the SAR efficiency at the expense of

uniformity.

C. Impact of Tuning Circuit

Impact of matching circuit, connected to the WPT system to detune its resonance from 13 to 13.56
MHz, on E, H, and SAR are given in Table V for wells #1 and #2. They indicate a dramatic
decrease in uniformity and the exposure levels when a matching circuit was used for compensation,
compared to the design with 13.56 MHz “self-resonant” system; SAR efficiency was reduced by
75% and 79.3% in wells #1 and #2, respectively). This in return demands for an increased power
and budget; for example, the MAIP satisfying the ICNIRP limit in terms of SAR is of the order
of tens of watts (42.5 W) with the “self-resonant” design, whereas it significantly increases to
hundreds of watts (206.1 W) when connected to a matching circuit. Note that the lower dosimetric

quantities at 13 MHz compared to those in Table III for a “self-resonant” system with similar d =



-20 mm but operating at 13.56 MHz are due to modifying only the Tx coil and, therefore, reduced

optimal coupling between the system elements.

D. Impact of Culture Medium Volume

E, H, and SAR at wells #1 and #2 for 1 W input power at 13.56 MHz with a half-filled tissue
culture plate medium are provided in Table VI. Comparing the results in wells #1 and #2 when
being half- or fully-filled (the latter provided in Table III for d = -20 mm) show a tiny influence
of the culture medium volume; SAR efficiency decreases by 1% in well #1 while being unchanged

in well #2. Of course, the results may vary depending on the surface and size of the culture plates.

Experimental Results

Figure 1 shows the fabricated system. Here, we experimentally validate the proposed exposure
system design for in vitro studies. Due to the impracticality of EM field and SAR measurements
directly at the bottom of the wells, the performance of the system is measured inside an incubator
and compared to that obtained numerically in terms of input reflection and transmission
coefficients as well as E- and H-field distributions. Moreover, the EM field and SAR inside the
culture medium are computed. All measurements were performed in presence of the tissue culture

plate containing half-filled DMEM culture medium, with d = -20 mm.

A. Input Reflection and Transmission Coefficients Inside Incubator

An Agilent FieldFox RF analyzer N9912A (2 MHz-6 GHz) calibrated with the Keysight 85515A
4-in-1 module at the end of the input/output cables, was used to monitor scattering parameters.
Figure 4 plots the simulated and measured |S;;| and |Sy| of the system inside the incubator. As

observed, the WPT system sharply resonates at the central frequency of 13.56 MHz. Measurements



closely follow simulations, which is expected as most of the details in experimental setup were

implemented in simulations. According to the experiments:

e a1.4dB (1.17 times) difference in simulated and measured |Sy| can be observed
e the tissue culture plate led to a negligible frequency shift (< 0.01 MHz)
e the shift of the tissue culture plate position using an additional Plexiglas spacer was found

to cause a tiny frequency shift (< 0.02 MHz).

Since the calibration was performed at the end of the cables, the difference in simulated and
measured |S,;| may not be attributed to the power losses associated with the cables connected to
Tx and Rx. Instead, it can be due either to the WPT elements positioning inaccuracies or the
absence of those cables in simulations which can slightly modify the field distributions inside the
incubator. Moreover, the negligible frequency shift due to the culture plate position was
numerically predicted, and is related to the fact that, in short-range WPT systems, H is dominant

compared to E, and hence no disturbances due to the presence of non-magnetic materials occur.

B. EM Field Inside the Incubator

Measurements were conducted to monitor the EM field magnitudes and distributions inside the
incubator. The door of the incubator was replaced by a 2-cm-thick polyvinyl chloride dielectric
plate, covered by a 0.05-mm-thick adhesive copper tape, as can be seen in Figure 5. Nine holes
with a diameter similar to the E- and H-field probes were created in the plate to allow positioning
the probes inside the incubator; for the sake of readability, only five positions were numbered in
the HF'SS model in Figure 5, however, the model and the photograph in the same figure clearly
show nine holes corresponding to the measurement positions. A first measurement confirmed the
insensitivity of the input reflection coefficient of the WPT system to the presence of the probes at

different hole locations.



For the sake of brevity, in Figure 5 the results are shown only for holes number #4 and #5 (the
inserted picture with the field probe is just an example of experimental setup for hole #2), being
in the area of interest where the tissue culture plate is present (hole #5 passes across the coil axis
in the center whereas hole #4 is positioned 3 cm off the center in y direction). It is worth

mentioning that:

e due to the dynamic range limit of E and H probes, measurements were performed for an
input power of +10 dBm (10 mW). Results were then rescaled to an input power of 1 W
(+30 dBm) and compared to simulations

o the field probes were moved toward the center y-line of the incubator by 10 mm steps; the

assessable distance was limited due to probe length

A fairly good agreement is observed between simulations and measurements. The E-field deviation
around d = 150 mm can be due to dielectric objects (electronics and cables used inside the probe
structure) that disturbed the field measurements; a similar behavior is noted in a WPT field
experiment in free space [Koohestani et al., 2017|. In order to demonstrate the WPT operation
inside the incubator, Figure 6 exhibits the EM field distributions around the WPT elements in
three orthogonal planes passing by the center of the Tx/Rx for 1 W input power at 13.56 MHz.
The EM field maxima are mainly distributed around the resonant coils, being more pronounced

near the coil windings and at the coil center axis.

C. EM Field and SAR Inside the Culture Medium

Figure 7 shows the computed E, H, and SAR distributions at the bottom of the tissue culture
plate for an input power of 1 W at 13.56 MHz, for the configurations presented in Fig. 6. A first
look at the results indicates the identical E and SAR distributions and exposure values in the

wells, which is related to uniformity of the E-field where the tissue culture plate was located.



Considering the H scale, the distributions in the wells can also be considered almost uniform,
especially in wells #2 and #5. Table VII presents the variation and exposure levels of the
considered dosimetric quantities. In line with the E and SAR distributions shown in Figure 7, the
uniformities in E and SAR are limited among the wells to a maximum of 7.9% and 5.5%,
respectively, considered suitable for experimental studies in the absence of additional criteria in
the current literature at these frequencies. Meanwhile, although being below the generally
considered +5% limit, a higher H variation is observed in wells #2 and #5. Notice that the lower
exposure values compared to those in Table III for similar d = -20 mm is due to the inclusion of
the Plexiglas support for the tissue culture plate in the numerical analysis; the Plexiglas support

was previously found to reduce the SAR efficiency (section numerical results, subsection B).

It is also worth mentioning that an optimization without the culture plate and medium would lead
to very different results. To further confirm that assumption, another simulation was carried out
in those conditions, resulting in an E-field about 100 times higher than with the plate and medium,

with higher variation (e.g. in well #1, 30.64% instead of 23.18%).

For an estimation of the MAIP, the latter was computed to verify the compliance with ICNIRP
SAR limit. Table VIII summarizes the MAIP to satisfy local SAR, ICNIRP basic restrictions at
13.56 MHz for the final configuration of the exposure system. As observed, the MAIP that satisfies
the SAR limit varies significantly by a maximum of 21.9% among all wells, even though there are

minor SAR efficiency differences in the obtained values in wells #1, #3, #4 and #6.

Conclusion

The design procedure of a 13.56 MHz resonant exposure system for in vitro experiments is
presented, aiming at a system which provides maximum possible uniformity and SAR efficiency in

the culture medium containing cells, within the size constraints imposed by the incubator. Three



resonant wireless power transfer systems with different commonly used loop/coil geometries
(cylindrical with circular and square cross-sections, and annular) were compared to assess the one
maximizing the considered design criteria. It was followed by a parametric study to find the
optimal tissue culture plate location within the system. Simulations and experiments were
performed inside the incubator in terms of reflection and transmission coefficients as well as E-

and H-field distributions.

By including most experimental details in the numerical model, a fairly good agreement was
achieved between the simulated and measured reflection and transmission coefficients, as well as
for the electric and magnetic fields. The system equipped with cylindrical coils with square cross-
sections led to a high EM field uniformity in the in vitro biological samples. The design procedure
was verified by obtaining a H variation below the usually considered limit (£5%). Meanwhile, the
uniformities in E and SAR were limited among the wells at the level of cells to a maximum of
7.9% and 5.5%, respectively. The system is currently used in in vitro studies to investigate cellular

stress.
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Figure Caption

Fig. 1. Schematic representation of the exposure system at 13.56 MHz inside an incubator.

Fig. 2. Measured dielectric properties of the used culture medium at 37 °C.

Fig. 3. Exposure systems of different loops/coils geometries used for the purpose of this study: (a)

cylindrical with circular cross-section, (b) annular, (c¢) cylindrical with square cross-section.

Fig. 4. Scattering parameters of the proposed WPT system inside the incubator.

Fig. 5. Simulated and measured E- and H-field distributions at 13.56 MHz along a line passing

through holes created on the incubator door: (a) E, hole #4; (b) E, hole #5; (c) H, hole #4; (d)

H, hole #5.

Fig. 6. E- and H-field distributions (in log scale) inside the incubator at planes passing by the

center of the Tx/Rx for an input power of 1 W at 13.56 MHz.

Fig. 7. E, H, and SAR distributions at the bottom of the culture medium for an input power of 1

W at 13.56 MHz.



Table Caption

Table I: Design parameters of 13.56 MHz WPT system elements with different geometries

Table ll: E, H, and SAR at wells #1 and #2 for different configurations of WPT systems with d

= 10 mm and 1 W input power at 13.56 MHz

Table lll: E, H, and SAR at wells #1 and #2 for the WPT system for different d and 1 W input

power at 13.56 MHz

Table IV: E, H, and SAR at wells #1 and #2 for 1 W input power at 13.56 MHz for a tissue

culture plate rotated by 90°

Table V: Impact of matching circuit, connected to the WPT system to shift its resonance from 13

to 13.56 MHz, on E, H, and SAR at wells #1 and #2 for 1 W input power

Table VI: E, H, and SAR at wells #1 and #2 for 1 W input power at 13.56 MHz with a half-filled

tissue culture plate medium

Table VII: E, H, and SAR for the final configuration of the exposure system with 1 W input power

at 13.56 MHz

Table VIII: MAIP to satisfy local SAR at 13.56 MHz for the final configuration of the exposure

system
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Fig. 1 Schematic representation of the exposure system at 13.56 MHz inside an
incubator.
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Fig. 2 Measured dielectric properties of the used culture medium at 37 °C.
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Fig. 6 E- and H-field distributions (in log scale) inside the incubator at planes passing by
the center of the Tx/Rx for an input power of 1W at 13.56 MHz. Rx = receiving;
Tx= transmitting.
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Fig. 7 E,H, and SAR distributions at the bottom of the culture medium for an input power
of 1 W at 13.56 MHz. SAR = specific absomption rate.

Tables

TABLE 1. Design Parameters of 13.56 MHz Wireless Power Transfer System Elements With Different Geometries

WPT system type Loop (in ¢m) Coil (in cm) Coil turns Pitch (in mm) Loop-to-cail distance (in mm)
Cylindrical 25 (diam.) 22 (diam.) 10 8 12.4
Planar 30 (diam. ) 20 (inner diam.) 8 4.5 20

Square 25% 25 IB5 =185 10 8 10




TABLE 2. E, H, and SAR at Welks #1 and #2 for Different
Configurations of WFPT Systems With d = 10mm and 1'W
Input Power at 13.56 MHz

Cyl., circular #1 #2

E (WV/m) 5.51 +1.43 541+ 1.48
Waration (5) 260 27.5

HiA/m) 7.45 +0.018 74340011
Vanation (%) 0.25 .15

SAR (Wikg) 0.054 +0.024 0,052 + 0.023
Yanation (%) 422 43.5

Annular #1 #2

E (V/m) 2.92 +0.87 2.7 +0.81
YWanation (%) 209 303

HiA/m) 433 +0.19 402+ 0.05
Wanation (%) 4.5 14

SAR (Wikg) 0.013 £ 0.006 0.015 4+ 0.008
Yanation (%) 50.4 50.7

Cyl.. square #1 #2

E (V/m) 683+ 1.76 6.67+20
YWanation (%) 25.82 2097
HiA/m) 898 +0.018 891+ 0.06
Waration (5) 0.20 0.74

SAR (Wikg) 0.068 + 0.029 0.067 + 0.037

Vanation (%)

4280

54.81




TABLE 3. E, H and SAR at Wells #1 and #2 for the WPT
System for Different 4 and 1'W Input Power at 1356 MHz

d == mm # #1

E {Wim) TR 4216 B724243
Wariation (%) 2712 279

H {Adm) I0E2 + 017 11.74 0.57
Wariation (%) 3 4.9

SAR (Wilkg) (00 4 Qg2 114 (L05E
Wariation (%) 4443 5084

d =—10mm #1 #1

E {Wim) T 4= 190 B 114232
Wariation (%) 26101 8.6l

H {ASm) 103 011 10UET 4 037
Wariation (%) 1 3.43

SAR (W) (RS 4 QU0EG (L0 4 QU048
Wariation (%) 42 43 4915

d =10 mm #1 #1

E {Wim) T3l + 143 T.dh+42.12
Wariation (%) >5.12 2843

H {Adm) 966 + 0,056 GOl 4015
Wariation (%) N5 1.5

SAR (W) O0TE 4 QU032 (L 0ES <+ (04
Wariation (%) 41.15 48 91

d =+ 1{ num #1 #F1

E {Wim) 54 4= 1949 6,774+ 1.7
Wariation (%) 207 2511

H {ASm) B84 4 0052 940018
Wariation (%) ns2 0.2

SAR (Wikg) (e 4 QU2 (06T <+ 0.3
Wariation (%) 046 44 8

d =+H0 num #1 #F1

E {Vim) 15+ 184 6274+ 1.65
Wariation (%) 207 6.0

H {A/m) TARE 4021 B.22 4 (.62
Wariation (%) 274 .76

SAR (Wikg) (056 + (UG (058 <+ 027
Wariation (%) 1k 47 4636

d =43 num # #F2

E {Vim) 5TRE+19 5924 1.63
Wariation (%) 12095 2764

H {A/m) T25 4035 TRI+0.11
Wariation (%) 495 1.42

SAR (Wikg) S 4 QU2 0. 0E2 = (0D
Wariation (%) 1125 48 48




TABLE 4. E, H, and SAR at Welk #1 and #2 for 1 W Inpui
Power at 1356 MHz for a Tissue Cullure Plate rotated by 90°

d=+10mm #1 #2

E (W/m} 682 + 1.78 6.95+1.99
Vanation (%) 26.17 29.09
d=+10mm #1 #2

H (Afm) 004 +£0.018 8.95 + 0.006
Vanation (%) 02 0.76
d=+10mm #1 #2

SAR (Wikg) 0,068 + 0.030 0L0T2 0044
Vanation (%) 43.22 6. 88

TABLE 5. Impact of the Matching Circuil, Connected Lo the
WPT System to Shilt its Resonance From 13 o 1356 MHz, on
E, H, and SAR at Wells #1 and #2 for 1 W Input Power

13 MHz #1 #2
E (V/m) 5.56 4 2.02 5654171
Variation (%) 36.3 30.28

H (Afm) 8.84 + 0.081 8.94 4 0.025
Variation (%) 0.91 0.28

SAR (W/kg) 0.048 + 0.028 0.047 + 0.023
Variation (%) 60.0 499

13.56 MHz #1 #2

E (V/m) 2.72 4 0.065 2.48 + 0.046
Variation (%) 48.0 37.21

H (A/m) 4.38 + 0,01 4.0 +0.003
Variation (%) 475 1.77

SAR (W/kg) 0.01242.5E-5 0.0097 + 1.5E-5

Variation (%)

T77.93

61.86

TABLE 6. E, H, and SAR at Wells #1 and #2 for 1 W Inpul
Power at 13.56 MHe With a Hall-Filled Tissue Culiure Plate

Medium

d=—20mm #1 #2

E (V/m) 795+ 211 569 +22
Variation (%) 26.5 257

H {Afm) 1087+ 0.17 11.75+0.55
Vanation (%) 1.5 4.7

SAR (W/ikg) 0.093 + 0.040 011 +0.048
Variation (%) 43.8 435

SAR = specific absorption rate.



TABLE 7. E, H, and SAR for the Final Configuration of the Exposure System With 1 W Input Power at 13.56 MHz

Well number # #1 #2 #3 #4 #5 #6

E (V/m) TO8+ 1.64 635+ 16 695+ 1.72 6.96 +1.59 6.26 +1.53 6.94 + 1.62
Variation (%) 2318 25.18 24.77 2287 24.52 237

H {Afm) 919+ 044 85+0.14 921+ 044 904 + 045 834 +£0.12 9.06 + 044
Varation (%) 4.86 1.69 4.81 4.97 1.48 4.94

SAR (Wikg) 0073+ 0.03 0.059 + 0.02 0071 +0.03 0071 + 0.028 0.057 +0.02 0.069 + (.02
Variation (%) 40.75 4215 42.51 40.62 40.17 40.92

SAR = specific absorption rate.

TABLE 8. MAIFP to Satisly Local SAR ICNIRFP Basic
Restrictions al 13.56 MHz for the Final Configuration of the
Exposure System

Well number # #1 #2 #3 #4 #3 #6

MAIP (W) 274 339 282 W2 351 290

MAIP = maximum allowable input power; SAR = specific
absorption rate.
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