Uludag University Journal of The Faculty of Engineering, Vol. 29, No. 1, 2024 RESEARCH

DOI: 10.17482/uumfd.1269483

A WIRELESS POWER TRANSFER SYSTEM DESIGN FOR
CHARGING OF INTRA-BODY IMPLANT DEVICES

Edanur BUYUKTUNA *
Elif DILEK *

Fatma Nur KARTAL *
Ramazan CETIN *

Ali AGCAL *

Received: 22.03.2023; revised: 16.11.2023; accepted: 09.01.2024

Abstract: Wireless power transfer (WPT) presents numerous possibilities for recharging electronic devices
in challenging environments. Charging of biomedical devices within the body is among the available
opportunities. Inductively coupled WPT is a dependable and effective solution for powering these devices.
Energy is transferred from the transmitter to the receiver in the inductively coupled WPT system through
the use of coils and magnetic coupling. A WPT system was designed for this study, with dimensions of 4
cm by 4 cm, power output of 1 mW, and a frequency of 13.56 MHz. Series-Series (SS) topology was
selected for its ease of handling and simple architecture. A square coil was selected as the receiver and
transmitter coil structure due to its higher coupling factor than circular coils. ANSYS® Maxwell 3D was
used to design the coils and perform magnetic analysis. In the ANSYS® HFSS program, the WPT system
was placed inside the male human model and the electromagnetic exposure of the WPT on humans was
examined. The magnetic scattering of the WPT system was within the safe values specified by IEEE and
ICNIRP standards.
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Viicut I¢i Implant Cihazlarin Sarji icin Kablosuz Enerji Transfer Sistemi Tasarimi

Oz: Kablosuz enerji transferi (KET), zorlu ortamlarda elektronik cihazlar sarj etmek i¢in ¢ok sayida olanak
sunar. Biyomedikal cihazlarin viicuttan sarj edilmesi de mevcut imkanlar arasindadir. Endiiktif baglanti ile
birlestirilmis kablosuz gii¢ aktariminin kullanilmasi, bu cihazlara gii¢ saglamak i¢in giivenilir ve etkili bir
¢oziimdir. Endiiktif olarak baglanmig KET sisteminde vericiden aliciya enerji, bobinler ve manyetik
baglanti kullanilarak aktarilir. Bu galigma igin 4 cm'ye 4 cm boyutlarinda, 1 mW gii¢ ¢ikisi ve 13,56 MHz
frekansta bir WPT sistemi tasarlanmistir. Seri-Seri (SS) topoloji, kullanim kolayligi ve basit mimarisi
nedeniyle secilmistir. Dairesel bobinlere kiyasla daha yiiksek kuplaj faktorii nedeniyle alic1 ve verici bobin
yapist olarak kare bir bobin segilmistir. Bobinleri tasarlamak ve manyetik analizleri yapmak i¢cin ANSYS®
Maxwell 3D kullanildi. ANSYS® HFSS programinda KET sistemi erkek insan modelinin igine
yerlestirilmis ve KET'in insanlar iizerindeki elektromanyetik maruziyeti incelenmistir. KET sisteminin
manyetik sacilimmin IEEE ve ICNIRP standartlarinda belirtilen giivenli degerler igerisinde oldugu
gorilmiistiir.
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1. INTRODUCTION

Electronic devices have become an integral part of our lives. Thanks to the advancements in
technology, they are used in the field of human health and many other areas. The energy stored
in the batteries of the internally implanted devices gets depleted over time. Changing these
devices' batteries carries a great risk of infectious diseases for the patient and the risk of
complications in the surgery. For this reason, the WPT system can eliminate many risks by
charging these devices. Although WPT systems have lower efficiency than wired transmission,
they are a much more reliable system (Karakaya, 2007). In cable transmissions, too much cable
pollution occurs, and it also brings different problems that are not as innocent as cable pollution.
The most important and vital risk of energy transmission by cable is for biomedical implants
placed inside the body.

Active in-body implants (AIMD) are medical devices that work with electrical energy and
are surgically implanted in the human body. Intrabody implants can analyse electrical mechanical
signals. One of the biggest problems for AIMD is that it is not long-term. When the battery is
discharged, it may require surgical intervention (Campi, et al., 2016). Since the battery
replacement will be achieved through surgery, this condition can cause inflammation and various
infections. These problems can be prevented with WPT. Wireless pacemaker charging is the most
widely used intrabody implant charging (Demirci, 2020). It is an important problem that the
pacemaker, which is used in diseases such as heart failure, that causes serious problems that can
end human life, is replaced when the charge is exhausted.

A pacemaker is used in diseases such as heart failure and rhythm disorders, which are among
cardiovascular diseases and result in death if not treated. Pacemakers are divided into temporary
pacemakers and permanent pacemakers. Temporary pacemakers are used temporarily to regulate
the heart rhythm of a person with rhythm disorders or until a permanent pacemaker is inserted.
They are larger than permanent pacemakers and can cause various vascular diseases. As for,
permanent pacemakers have a lower risk. A pacemaker is placed by creating a pocket under the
skin on the left upper chest. The most widely used pacemakers are lithium-ion batteries (Demirci,
2020). Although lithium-ion batteries are known to last a long time, they still do not have infinite
power and have a lifespan of 5-10 years. Charging with WPT is much more advantageous,
considering the negative effects of the processes required to replace the battery.

WPT has been provided by microwave (Brown, 1969), electromagnetic radiation (Tesla,
1905), laser (Sahai and Graham, 2001), energy harvesting (Shuvo, et al., 2022), capacitive
coupling (Dai and Ludois, 2015) and inductive coupling methods (Sample, et al., 2015). Among
these methods, inductive coupling is the most used and most suitable method for charging implant
devices (RamRakhyani, et al., 2010). One of the application areas of inductively coupled WPT is
recharging implanted devices in biomedicine (Agarwal, et al., 2017). The WPT is used in many
application areas such as pacemaker (Campi, et al., 2016), cochlear implant (Hong, et al., 2020),
and peripheral nerve implant (Jegadeesan, et al., 2015) charging. Dimensions, powers and
operating frequencies vary according to application areas (Agarwal, et al., 2017).

In this paper, energy was transferred from a transmitter to a receiver through magnetic
coupling via coils. The present study designed a WPT system with an outer diameter of 4 cm by
4 cm, a power output of 1 mW, and a frequency of 13.56 MHz. The receiver and transmitter coils
were designed in a square shape, offering a higher coupling factor than circular structures. Ansys
Maxwell 3D simulation program and square coil inductance equations were used in the coil
design. The exposure of the WPT system on human health was also investigated using the
ANSYS® HFSS program and was compared with IEEE and ICNIRP standards. The study found
that the magnetic scattering of the WPT system was below the exposure limit values specified by
IEEE and ICNIRP standards, indicating that the system is safe for human use.
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2. WPT SYSTEM WITH INDUCTIVELY COUPLING

Inductively coupled WPT uses magnetic coupling to transfer electrical energy between two
systems. This technology is used to charge a variety of applications where there is reliability,
freedom of movement, and no cable pollution is desired. The main purpose of WPT is to
efficiently transfer the energy stored in the transmitter coil to the secondary coil. The inductive
coupled WPT system uses from the resonance structure to transfer energy efficiently. In order to
compensate the inductive reactive power of the coils, capacitors are added in series or parallel to
the transmitter and receiver coils. Both the transmitter and receiver become resonant circuits and
are tuned to the same resonant frequency to increase the efficiency of power transmission. This
type of inductive power transfer is known as magnetic resonance coupling (Imura and Hori,
2011). If there are inductors and capacitors in electrical circuits, oscillations occur between these
elements at certain frequencies. The frequency with the highest oscillation is called the resonance
frequency. A simple resonator circuit consisting of a capacitor, inductor and resistor is shown in
Figure 1.

Figure 1:
Resonator Circuit

where, L is the coil, C is the capacitor and R is the internal resistance. Energy oscillates
between the coil and capacitor at the resonant frequency and is dissipated in the resistor. The term
quality factor (Q) is used to indicate the efficiency of this circuit and this term was shown by (1).
It has no unit. The natural resonant frequency w, of the resonator has been denoted by (2).

= |L1 _ wol
Q= Jcx R 1)
1
Wo = 7z )

Different topologies are used in magnetic resonance coupling circuits. These topologies are
named according to the way the capacitor in the circuit is connected to the coils. The main
compensation topologies are serial-serial (SS), serial-parallel (SP), parallel-serial (PS), parallel-
parallel (PP). In addition to these 4 basic topologies, there are other topology structures derived
from these topologies. In this study, SS topology was investigated due to its ease of control and
high efficiency. In SS topology, capacitors are connected in series with the coils. The WPT system
with SS topology is shown in Figure 2.
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Figure 2:
The WPT circuit with SS topology

where, V1 is the input voltage. I; and I, is input and output current, respectively. L is the
mutual inductance. L; and L2 represents inductance of the transmitter and the receiver coil,
respectively. C; and C, is the capacitance of the transmitter and the receiver, respectively. Ry is
the load resistance. R and R» is internal resistance of the transmitter and the receiver, respectively.
For simpler expression in formulas, Z;=R;+jwL; and Z,=R,+jwL; are expressed. The connection
of two magnetically coupled coils is defined in (3) by the mutual inductance equation.

Lyy=kyJL;L, 3)

Here k is the coupling factor and always takes a value between 0 and 1. The coupling coefficient
is one of the basic parameters used in the efficiency calculation. In the WPT system, besides k,
the quality factor is an important parameter for efficiency. Figure of merit (U) is a result of k and
the quality coefficient. Figure of merit is given in (4).

U=1k/0:1Q; = 22 @)

Q: and Q; are primary and secondary quality factors, respectively. Optimum efficiency is
calculated using the Figure of merit. The optimum efficiency equation is given in (5).

UZ
Nope = vy’ )
One of the most important parameters in the WPT system is the equivalent impedance and is
denoted by Zgq. The equivalent impedance equation for the SS topology is given in (6) and the
efficiency equation is given in (7) (Agcal, et al., 2022).

1 L w?
Z — Z m
Eq 1 (ja)Cl) + (Zz+j—w1 +RL> ©

C2

2
< JwWLlm > X Rp
1
z
Z2+(ij2)+RL Eq

In order to obtain maximum efficiency from the WPT system, the mutual inductance value must
be greater than the critical mutual inductance (Lmeritica). The critical mutual inductance calculation
for the SS topology is given in (8) (Imura and Hori, 2011).

n= @)
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2 2
S ®)
Mecritical w?

The fact that the mutual inductance is smaller than the critical mutual inductance causes the
efficiency of the system to decrease. In this case, the system efficiency is below the maximum
value and has a single resonance frequency. Maximum efficiency is achieved if the mutual
inductance is above the critical mutual inductance value. In this case, bifurcation occurs in the
resonant frequency. As the mutual inductance increases above the critical mutual inductance
value, the frequency range between bifurcated frequencies increases.

3. COIL DESIGN

In order to obtain a high efficiency in the WPT system, it is necessary to determine the circuit
parameters. The frequency of this study was determined as 13.56 MHz. Capacitance values for
the receiver and transmitter in the circuit were calculated as C; = C, = 234.74 pF and inductance
values were calculated as L1 = L, = 586.86 nH. The load was chosen as 5 Q. Critical mutual
inductance value was calculated as Licritical = 58.67 nH.

Planar square coil is used as coil design in WPT system. Planar spiral is preferred because
the mutual inductance of planar spiral coils is higher than helical coils. In planar spiral coils, the
square coil is preferred because the mutual inductance of the square coil is higher than that of the
circular coil. Outside diameter (dou), inner diameter (din), number of turns (N), wire diameter (w),
and distance between wires (s) parameters must be determined in a planar square coil. Different
methods are used for the self-inductance of the planar square coil. The most commonly used self
inductance calculation method is the Expression Based on Current Plate Approximation method.
Self inductance equation of this method is given by (9) (Mohan, et al., 1999).

2
L =2t e (1 (%) +0.18p +0.13p?) )
Here, po is known as magnetic permeability and its value is 4n x 10-7 H/m. dgy,4 is the mean
diameter (10) and p is the fill rate, it can be calculated with (11).

davg — dout2+dm (10)

— dour=din (11)
 dout+din

dp =doys —2N(w +5) + 25 (12)

The coil parameters obtained for the determined inductance value are given in Table 1.

Table 1. Coil parameters

N 5

dout 40 mm
din 6.7 mm
w 3.25 mm
S 0.1 mm
Wire length 528.65 mm
Rin 0.08 Q
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4. SIMULATION STUDIES
4.1. MATLAB/Simulink

The WPT system was investigated for low and high coupling factors. It was chosen as 0.35
for the case with a high coupling factor and 0.05 for the case with a low coupling factor. Using
the efficiency (6) and equivalent impedance (7) equations given in Section 2, the change of
equivalent impedance and efficiency according to frequency is investigated. In the SS topology,
the graph of the change of equivalent impedance and efficiency according to frequency for the
coupling factor value of 0.35 is given in Figure 3.
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Figure 3:

a. Efficiency and absolute Zg, and b. real and imaginative part of Zg, plot according to
frequency for k=0.35

For k=0.35, it can be seen from Figure 3 that there are bifurcations in the resonant frequency
because the mutual inductance is above the critical value. There have been 3 separate resonances
and using the second of these resonance frequencies is generally not a preferred method. Because
the equivalent impedance is high in the second resonance frequency. This reduces the input power
under the same voltage. Therefore, the second resonant frequency is not a desired operating
region. When looking at the first and third resonant frequency points, it is seen that the system
has the highest efficiency and the equivalent impedance is the lowest at these points. It can also
be observed in Figure 3 that the efficiency is equal to 96.9% for the first and third resonance
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frequencies. In applications, the first resonance frequency with a lower frequency is chosen
because the skin effect and proximity effect losses are lower. The SS topology is also investigated
for low coupling factor. The efficiency-frequency and equivalent impedance-frequency graphs
for the coupling factor 0.05 are given in Figure 4.
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Figure 4:

a. Efficiency and absolute Zg, and b. real and imaginative part of Zgq plot according to
frequency for k=0.05

Figure 4 shows that the resonant frequency is 13.56 MHz. Compensation of the WPT is fully
achieved at resonance frequencies where the imaginary value of the equivalent impedance is zero.
In Fig. 3 (b), the imaginary value of the equivalent impedance is zero at 3 separate frequencies.
In Fig. 3 (a), the efficiency is maximum and the equivalent impedance is minimum at 3 different
frequencies. In Fig. 4 (b), the imaginary value of the equivalent impedance is zero at 1 frequency.
In Fig. 4 (a), there is only 1 resonance frequency. At this resonance frequency, the efficiency is
maximum and the equivalent impedance is minimum. When Figure 3 and Figure 4 are compared,
efficiency is high above the critical coupling factor and it is low below the critical coupling factor.
If the coupling factor is below the critical coupling factor, the efficiency drops below the
maximum value and as the coupling decreases, the efficiency decreases. When the coupling factor
exceeds the critical coupling factor, the efficiency is maximum but the resonance frequency is
bifurcated. The WPT circuit with SS topology in Figure 2 is set up in MATLAB/Simulink.
Operating frequencies were determined from Figure 3 and Figure 4. MATLAB/Simulink results
were given in Table 2.
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Table 1. MATLAB/Simulink parameters

k=0.35 k=0.05

Air gap = 15 mm Ln=205.4nH Air gap = 24 mm Ln=29.343 nH
f=11.76 MHz n=296.9 % f=13.56 MHz n= 9242 %
Vi=7495mV VL =72.58 mV V1=38.18 mV VL=71.7mV
I, = 14.51 mA L=14.52 mA [ =29.14 mA I, =14.34 mA
P =1.09 mW P,=1.05mW Pi=1.11 mW P,=1.03 mW
Ve =836.3 mV Ve =836.8 mV Ve =1457 mV Vo =717mV

4.2 Maxwell 3D

According to the values obtained in Table 1, the coil was designed in the ANSYS® Maxwell
3D program. The designs were compared by adding core and shielding to the coil. A flexible
ferrite sheet (Mull6060) with a thickness of 0.09 mm and size of 60 mm x 60 mm was used as the
core. The relative magnetic permeability of this material for 13.56 Mhz is 150 (Laird, 2023).
Aluminum material with a thickness of 0.1 mm and dimensions of 60 mm x 60 mm was used for
shielding. The designed coil is shown in Figure 5.

Figure 5:

Coil design in Maxwell 3D

The mutual inductance values according to the air gap are shown in Figure 6. These values
were analyzed in four different ways as unshielded-coreless, unshielded-cored, shielded-coreless,

and shielded-cored.
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When the graph is examined, it is seen that the lowest mutual inductance value is obtained
in the shielded-coreless condition. The highest mutual inductance value was obtained in the case
of only the core and shieldless. The change of the coupling factor according to different air gaps
is shown in Figure 7. These values were also evaluated in terms of shielding and core.

06 T T T T T T T T
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g === Shieldless-core
8 04 r Shield-coreless 1
L LI
ud Shield-core
£
So2t .
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0 Il I T L
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Figure 7:

Coupling factor according to the air gap

In Figure 7, it is seen that the highest coupling factor is obtained in the lowest air gap and in
the unshielded-core condition. It should not be overlooked that the coupling factor decreases
significantly as the air gap increases. The worst coupling factor occurred in the shielded-coreless
condition. When Figure 6 and Figure 7 are examined together, it is seen that the results are
consistent. It is understood that there is too much loss if shielding is done without using a core.
The coreless-shielded condition is not useful for design.

The highest mutual inductance and coupling factors are obtained in the unshielded-core
condition. However, shielding is necessary to protect the implant device from magnetic
interference. Core and shielded design is preferred, as shielding causes a tolerable link reduction
when used with the core.

A shielding material is often used in wireless power transmission systems to minimize
electromagnetic interference. The core is generally a ferromagnetic material such as ferrite. The
core is used to help concentrate and direct the magnetic field created by the current passing
through the conductors. The core increases the magnetic coupling, making wireless power transfer
more efficient. It doesn't have the same effect when you place a shielding without a core because
it doesn't affect the magnetic field similarly. The shield can only protect against electromagnetic
interference, but it is not as effective as the core in focusing and directing the magnetic field.
Essentially, the core improves the magnetic coupling between the transmitting and receiving coils,
improving the overall performance of the wireless power transfer system. While the shield is still
useful, it does not play a role in increasing magnetic coupling, it just protects from magnetic
interference.

5. EFFECTS ON HUMAN HEALTH

Since the WPT is provided with a magnetic connection, magnetic and electrical field occurs
between and around the receiver and transmitter coil. The electromagnetic exposure of the WPT
system to be placed inside the body should be below the limit values according to the IEEE
standard and ICNIRP guidelines. The exposure limit values for the 13.56 MHz WPT system are
given in Table 3 (ICNIRP, 2010; IEEE,2019).
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Table 3. The electromagnetic exposure limit according to ICNIRP and IEEE standards
(ICNIRP, 2010; IEEE,2019).

Standards Electric field Magnetic field Magnetic flux density

IEEE PUE PRE PUE PRE PUE PRE

IEEE (Head|1842V/m [614V/m |163 A/m |490 A/m |205puT 615 uT
and chest)

ICNIRP OE PE OE PE OE PE

170 V/m [83V/m |80 A/m |21 A/m  |100 uT |27 uT

PUE and PRE are the exposure limits in unrestricted environments and restricted
environments, respectively. OE is an occupational exposure limit and PE is a public exposure
limit. Simulations were carried out on the ANSYS® HFSS interface to analyze the effects of the
coil design on humans. The male body was used in the simulation. The coil was designed for two
different situations, with core and without core.

The receiving coil was placed approximately 1 cm inside the model's chest. As a result of
this simulation, electric field (E field), magnetic field (H field), and specific absorption rate (SAR)
images were obtained. The electric field acting on the human body is shown in Figure 8.

E Field [¥/m] E Field [¥/m]
8. J0P0E+81 g, 3088E+B81
2, 8695E+81 2, B69SE+881

. 9, 9205E+60 l 9, 9205E +000
3. 4297E+88 3. 4297E+008
1. 1857E+88 1, 1857E+088
4, BIIHE-B1 4, BI9YE-BBL
1. 4173E-81 1. 4173E-8@1
4, 8998E-82 4, 8993E-882
1, BIYBE-02 1, 634BE-0D2
5. 8564E-83 5, B5E64E-883
2.0247E-83 2, B247E-0803
6. 9998E-B% 6, 9998E -84
2, 4Z08E-34 2, 4YZ0DE-08Y4
8. 3665E-B85 8. 3665E-885
2. 8925E-85 2. 8925E-885
1. B883E-85 1. BEERE -BA5

a. b.

Figure 8:
Electric field in a. with core and b. coreless system

The magnetic field affecting the human body is presented in Figure 9.
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H Field [A/m]

2, 198aE+a1
6. B24SE+00
2. 2178E+B8
7. 2873E-01
2. 3422E-81
7.6117E-B2
2, 4736E-82
5.8387E-83
2. 6124E-83
8, 4896E-04%
2. 7589E-84
&. 9659E-85
2,9137E-85
9. 4638E-06
3.8771E-B6
1, 0080E-06

H Field [A/m]

2, 1698E+881
6, B245E+208
2, 2178E+BB@
7. 2873E-881
2, 3422E-881
7.B117E-882
2, 4736E-882
8.0387E-803
2, 6124E-803
8. 4896E-BaY
2, 7589E-80Y
8. 9659E-885
2.9137E-885
9. 4+633E-B06
3.8771E-8085
1. BEAGE-BOE

b.

Figure 9:
The magnetic field in a. with core and b. coreless system

The electric field, magnetic field and magnetic flux density of WPT designs from the
midpoint of the receiver and transmitter to the inside of the chest are shown in Figure 10.

140 T
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Distance (mm)

Figure 10:
Electromagnetic field distributions of WPT designs: (a) Electric field, (b) magnetic field, and
(c) magnetic flux density

Maximum electromagnetic exposure values created by WPT designs on the human chest are

given in Table 4.
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Table 4. Maximum electromagnetic exposure values created by WPT designs on the
human chest

Electric Field Magnetic Field Magnetic Flux density
Shieldless-Coreless 130.97 V/m 1.24 A/m 1.56 uT
Shieldless-Core 99.22 V/m 2.53 A/m 3.17uT
Shield-Coreless 51.72 V/m 0.004 A/m 0.005 uT
Shield-Core 75.42 V/m 2.47 A/m 3.10 uT

When Table 4 and Figure 10 are examined, all designs' magnetic field and magnetic flux
density values are below IEEE and ICNIRP standards. However, Shieldless-Coreless and
Shieldless-Core designs are above ICNIRP public exposure limits for electric fields. Although
the shield-coreless design seems suitable for the electric field, it is not preferred because it
seriously weakens the magnetic coupling. As a result, the shield and core design is the most
suitable design for human health. Additionally, this design complies with electromagnetic field
exposure standards according to IEEE and ICNIRP.

SAR is a measure of the rate of energy absorbed by the body when exposed to an
electromagnetic field. It is defined as the power absorbed per unit mass of tissue. As this value
increases, the amount of radiation emitted by the electromagnetic source increases. The rate of
absorption of electromagnetic energy by body tissues is shown in Figure 11.

SAR Field SAR Field

[w/kg] [w/kg] :
1. BOORE+20 1. OPODE +608 rz‘(

. 1.8478E-01 . 1.8478E-001 JEE
3. 4146E-02 | 3. 4146E-002 :?4
6. 3096E-03 6. 3096E-003 F ;
1.1659E-83 1. 1659E-003 J
2. 1544E-0Y 2, 1S44E-004
3.9811E-85 3. 9811E-005
7. 3564E-06 7. 3564E-006

- 1. 3594E-06 q 1, 3594E-006
2.5119€E-87 2.5119E-007
4. 6416E-08 4, 6416E-008
8.5770E-09 8.5770E-009
1.5849E-89 1, 5849E-029
2.9286E-10 2.9286E-010

. 5.4117E-11 5.4117E-011
1.@P0RE-11 1.0PBPE-B11

a. b.
Figure 11:

SAR for a. with core and b. coreless system

Although the heat effect differs according to the tissues, 4W/kg is the threshold value even
for the most sensitive tissues. When the WPT system with core and coreless system are compared,
both systems appear to have a SAR value of less than 4W/kg. In contrast, using the core and shield
design, the human body is less affected by the electric field, magnetic field, and specific
absorption rate. According to IEEE and ICNIRP standards, this design is below the exposure limit
values for human health.
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6. RESULTS

Wireless transmission of energy is an indispensable tool in the charging of intra-body
implants since the transfer of energy by cable carries various infection risks. In this study, wireless
energy transmission to a biomedical implant device was aimed. A pacemaker model was taken as
a biomedical device. The WPT system was designed using the inductively coupling method.
Circuits with SS topology are built in MATLAB/Simulink. The WPT system was investigated for
the performance of four different coils with a 4 cm diameter, which included unshielded-core,
unshielded-core, shielded-coreless, and shielded-core designs. The highest values of mutual
inductance and coupling factor were observed exclusively in the configuration that included a
core, and then in the configuration that included both a core and a shield.

Since AIMD devices directly affect human health, these devices have shielding material to
protect them from magnetic interference. Since the pacemaker used has shielded itself, no extra
shielding was needed in the coil design, and the current shielding is the device's own shielding.
The effects of the system on human health were evaluated using the ANSYS® HFSS program
with reference to IEEE and ICNIRP standards. When the WPT system was examined, it was
observed that the SAR value affecting the human body is below 4W/kg in all 4 coil designs.
Additionally, the human body was affected much less electromagnetic fields using coils with the
core-shield. For this reason and because it increases the coupling factor, a cored-shielded system
should be preferred in the design.
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