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Abstract— A novel magnetic liquid silicone rubber com-
posite core design applicable to wireless power transfer
(WPT) for medical applications is presented. As a case
study, the integration of WPT, including the proposed cores
for the coils, with ventricular assist devices (VADs) was
investigated. This facilitates transferring 4.6 W of power
wirelessly through the skin-layer, which thus allows to
dispose of the transcutaneous cable that connects the
extracorporal batteries to the implanted blood pump. To en-
hance the coupling coefficient and consequently increase
the WPT efficiency, the geometry of the cores was opti-
mized. This reduces the temperature increase in implant
area. The field and thermal simulations were carried out
with CST software. The electrical properties of the pro-
posed design as obtained by simulation were validated by
measurements. The simulation results perfectly coincide
with the measured results. Finally, a hew optimized design
with additional high permeability core inserts is introduced
to further increase the coupling coefficient. The results
indicate that the coupling coefficient is increased from 0.31
to 0.52 with the optimized design, in comparison to the
case without cores. Moreover, by fixing the initial tempera-
ture as 37 °C, the maximum temperature is decreased from
38.19°C to 37.27 °C, while keeping the transferred power
fixed. Its high magnetic conductivity, biocompatibility, low-
loss property, flexibility and Qi-standard compatibility make
the proposed WPT design an excellent candidate for the
wireless-powering of heart assist devices such as VADs.

Index Terms—Wireless power transfer, flexible pot
core, implantable material, ventricular assist devices, Qi-
standard, magnetic liquid silicone rubber composite.

[. INTRODUCTION

HE number of people suffering from cardiovascular
diseases is constantly growing. Moreover, heart failure
is among the main causes of human mortality worldwide.
To support and treat an ailing heart during heart therapy,
ventricular assist devices (VADs) have been developed [1], [2].
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Initially, these electromechanical pump systems were restricted
to a short application period, until either the heart function
recovered or a donor was available. Nowadays, owing to major
improvements in the new generation of VADs, the treatment
time can be extended to five years [3].

However, a weak spot still exists in the design of current
VADs. An external power supply and a control unit are
required to operate the blood pump of the VAD. A so-called
drive line cable passes through the skin to transfer the required
power to the blood pump, necessitating a puncture of the
dermis, resulting in a wound. Due to the permanent opening
in the human skin and the resulting mechanical stress, as the
drive line rubs on the contact surfaces, the current powering
method can cause infections and therefore a higher mortality
rate [4]. To avoid this, and to further extend the treatment
time, the driveline can be replaced by an inductive system,
which enables wireless power transfer through the skin without
requiring an incision.

The design challenges for an implantable wireless power
transfer (WPT) module are flexibility and biocompatibility.
For technical applications, coils’ cores used in WPT modules
are typically made of ferrite or other rigid metal based
materials. However, conventional rigid cores are not suitable
for biological applications such as the scenario at hand, due to
the irregular and curved surface of the human body. A slight
deviation from a flat contact surface increases the distance
between the two cores, which decreases the efficiency of
the WPT module. This also leads to a constant localized
mechanical pressure on tissue, which may cause damage, or
even infection. In contrast, a flexible core material can adapt
itself to the complex surface requirements. Silicone rubber
material, being in widespread use for breast implants, owing to
its outstanding flexibility, is a perfect candidate for use as core
material. Moreover, it is usable for medical applications owing
to its non-toxicity and antiadhesive properties guaranteeing
biocompatibility [5].

However, the main design challenge for the implantable
WPT module is its power dissipation, described by its key
performance parameter efficiency. Due to power losses such as
the electric loss in coils, the electromagnetic energy absorption
by surrounding objects and tissues, and the magnetic loss
(in the case of using magnetic cores), the local temperature
where the WPT module is implanted increases. Since in the
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proposed design, the primary and secondary sides touch the
skin surface and the fat-layer, respectively, it is imperative
to minimize the temperature increase, to avoid discomfort
for patients and possible thermal injury or permanent tissue
damage. For this purpose, it is required to use low-loss
materials and also improve the power transfer efficiency for
the WPT module, since a high-efficiency WPT module design
ensures low power dissipation [6]. To realize a highly efficient
magnetic flux guidance between the primary and secondary
coils, a core material with a high permeability is required.
However, silicone has a permeability of one. To increase the
permeability of the silicone cores in the fabrication process,
magnetic filler powder was added to the liquid silicone rubber
material to form a magnetically conductive composite. The
permeability of the cores strongly depends on the degree of
magnetic filler, the type of filler, the particle shape, size and
the size distribution [7], [8]. Recent studies indicate that by
using a nanocrystalline filler of deliberately chosen size, the
permeability of the resulting composite can increase up to 35 at
only 20 vol.% [8]. Therefore, low-loss magnetic liquid silicone
rubber composite material with a high permeability was used
to fabricate the primary and the secondary pot cores. These soft
magnetic encapsulations shape and guide the magnetic flux at
a low magnetic resistance and consequently enhance the power
transfer efficiency of the WPT module. In the design process,
the geometries of the pot cores were optimized to maximize
the power transfer efficiency.

Finally, to ensure a compatibility with various cardiac
assist devices, the module was designed according to the
international Qi-standard, widely applied by manufacturers
of WPT systems. Although this standard is mostly used for
technical applications such as cellphone or laptop charging [9],
it could also be adopted as an international standard for
WPT modules in medical applications. This may guarantee the
interoperability of implants from different companies. It will
also allow for drawing economies of scale with the electronic
components needed e.g. specific controller chips.

In related work, presented in [6], the two-port network
approach is employed to achieve the maximum possible power
efficiency for a WPT system by defining an optimum load.
However, the safety consideration and biocompatibility of the
implants are not examined. [10] introduces resonance-based
wireless power delivery with four coils applicable for im-
plantable devices. [11] proposes a design method for magnetic
resonant wireless power transfer with four-coil system appli-
cable in bio-implantable devices to maximize the efficiency.
However, systems with four coils have the disadvantages
of a high-cost implementation, large size and an increased
system complexity. Moreover, the effect of organic tissues on
the efficiency is not investigated in [10] and [11], also the
safety consideration and biocompatibility of the WPT modules
are not studied. In [12], the optimal frequency, suitable for
small-sized WPT in contact with a dispersive medium, is
investigated. The authors conclude, that the optimal frequency
to fit the trade-off between received and absorbed power
by the dispersive tissue is in the GHz range. However, at
this frequency range, the power absorption in human tissue
is significant, eliminating this frequency range for medical

applications requiring high power transfer for operation. A
highly efficient WPT system, applicable to implants, using
resonant load transformation is proposed in [13]. However, the
safety consideration and the WPT system’s biocompatibility is
not examined. [14] introduces a multicoil-based WPT system
for retinal implants. The design ensures a stable efficiency in
the case of a coil misalignment. Moreover, a clear implantation
scenario is introduced. However, the safety condition and
the biocompatibility of the WPT module is not investigated.
In [15], the design of an inductive wireless power transfer to
operate an implantable semi-active UHF RFID tag is targeted.
[16] proposes an impedance matching optimization technique
to enhance the efficiency. A design of a WPT system for
an implantable glaucoma therapeutic prototype is reported.
In [15] and [16], the safety condition is not checked. In [17],
a design for a highly efficient, integrated WPT system in
a biomedical implant is introduced. Moreover, the specific
absorption ratio as a safety measure is simulated. The critical
mentioned points for a four-coil system are also valid for this
work. To avoid the battery for an implanted medical device, in
[18], an optimized large size WPT is employed. The enhanced
WPT is obtained by optimizing the configuration of the coils.
However, due to its large geometry, it cannot be applied for
heart assist devices.

The focus of previous works in this field is on enhancing the
WPT efficiency. However, in most cases, a clear implantation
scenario or a specific application for WPT modules is not
reported. Moreover, the optimization of WPT modules with
biological tissue present and under the biological boundary
conditions is not carried out. Finally, the thermal behavior of
modules, regarding the design’s geometry, thermal properties
of the employed materials and currents flow through the coils,
are not precisely verified.

For use in this contribution a distinction between the terms
WPT module and WPT system is important. WPT module
refers to the primary and secondary coils and their correspond-
ing cores used to transfer the power, while WPT system de-
scribes the complete framework of the WPT module together
with necessary circuitry. Moreover, primary side refers to the
extracorporal primary coil together with the primary core, and
secondary side refers to the implanted secondary coil together
with the secondary core.

This paper is organized as follows. In Section II, the
design considerations and challenges for a typical implantable
WPT module are discussed. Section III introduces three WPT
modules. Section IV suggests a methodology to evaluate the
performance of each module. In Section V, the field, circuit
and thermal simulation results of the three WPT modules are
discussed and their performances are compared. Section VI
concludes this contribution. Finally, the exact core material
characterization technique is shown in appendix I.

[I. DESIGN CONSIDERATIONS
A. Integration Concept

To integrate a WPT module in a VAD, the drive line cable
has to be replaced by two elements, the primary side outside
the body (i.e. employed as the power transmitter and placed
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Fig. 1: Concept of the WPT module integration in cardiac
assist devices. The primary side is located on the skin surface
(extracorporal), while the secondary side is implanted under
the skin (intracorporal) parallel to the primary side.
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Fig. 2: Geometry of the primary and secondary sides. The
primary core together with the primary coil are placed on
the skin surface, while the secondary core together with the
secondary coil are implanted under the skin surface in the
fat-layer.

Fat-layer

directly on the skin) and the secondary side inside the body
(i.e. used as the power receiver and embedded under the skin).
The concept of the WPT module integration in the VAD is
shown in Fig. 1. The power supply includes two batteries and
the control unit which serve as energy source and power level
management, respectively.

A detailed description of the geometry of the setup is shown
in Fig. 2. Since the biocompatibility of the coil material is
not verified in this work, for the practical realization, the
secondary coil can be coated by a confined silicon rubber-
layer to avoid physical contact with the fat-layer.

To enhance power transfer efficiency, it is necessary to find
optimal values for the mechanical dimensions shown in Fig. 2,
with some constrains regarding human anatomy.

Since the size of the module, especially the secondary side,
is also a critical design consideration [4], it was designed in
a more compact form.

TABLE |: ELECTROMAGNETIC AND THERMAL PROPERTIES
OF SKIN AND FAT AT 110 kHz.

Parameters Skin Fat Units
Relative permittivity 1120 96.2 -
Relative permeability 1 1 -
Density 1109 911 kgm 3
Electrical conductivity 0.000498  0.0434 Sm~—!
Heat capacity 3391 2348  JkgleoCc—!
Thermal conductivity 0.37 0.21 Wm~1eC—!
Average emissivity 0.97 - -

of the human body

Convective heat transfer 3 - Wm~—2°C~1
coeff. in the chest region

Blood flow 9000 2000 Wm—3°C~!
Metabolic rate 2000 300 Wm™3

B. Physical and Thermal Environment Properties

Owing to the lower absorption at very low frequencies
(100 kHz to 4 MHz), the tissue loss is significantly decreased
in this frequency range [10], [19]. Therefore, these frequencies
are suitable for the operation in the case of using transcuta-
neous power transfer modules. The proposed WPT module is
optimized for a nominal operational frequency of 110 kHz.

Relevant tissues for simulation are the skin- and the fat-
layers. The material properties of skin and fat at the nominal
frequency of 110 kHz are summarized in Table I [20]-[24].

The body temperature is typically 37 °C and the temperature
of the skin surface, which corresponds to an implantation
location in the chest, in stable thermal environments is on
average bellow 37 °C [25]. Moreover, the room temperature
exhibits a range value as between 20 °C to 25°C [26].

Howeyver, to consider the worst case scenario, in the simu-
lation process, the temperature of the skin and the area around
the primary core outside the human body was chosen as 37 °C.

C. Safety: EM Exposure to Human Body

Since the proposed WPT module needs to be implanted
in the human body, its compliance with safety regulations
has to be verified. The penetration of the electromagnetic
fields into the body causes heat and thus an increase of the
body temperature. A certain level of heat can be tolerated by
the body, however, above this threshold, the electromagnetic
exposure causes tissue injuries, such as burns. To avoid this
hazard, the International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) organization approves exposure
limits (basic restrictions) to static and time-varying electric
and magnetic fields for a high level of protection at various
frequencies [27].

To keep the body at a safe level, the rise of body core
temperature, due to the electromagnetic fields radiation in the
range of 100kHz to 6 GHz, should not exceed +1°C. For
localized heating, however, biological tissue damage occurs at
temperatures above 41 °C. Therefore, for the Head and Torso
region, containing the head, eyes, abdomen, back, thorax and
pelvis with the typical temperature being 38 °C to 38.5°C,
the rise in local temperature is not allowed to exceed 2°C;
for the Limb region, comprising the upper arms, forearms,
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Fig. 3: Schematic of the HeartWare HVAD system. VAD
components: Touch screen monitor, control unit, two batteries,
driveline cable and blood pump. Oscilloscope was connected
to the drive line cable with removing its insulation.

hands, thigh, legs and feet with a typical temperature of 33 °C
to 36 °C, the local temperature increase must be kept within
+5°C [28].

Moreover, from [6] we can conclude that the temperature
increase in small biological tissues should not exceed 1°C.
For this reason and also regarding to the defined body and
environment temperature in II-B, the maximum allowed tem-
perature was considered as 38 °C.

D. Power Requirements for VAD Operation

VADs are electromechanical pump systems used to support
failing ventricles in vital task, and therefore, to assist the
deficient heart by taking over its function partially or entirely.
The blood pump is implanted in parallel to the heart and
facilitates the blood circulation by accelerating the blood flow.

Due to the varying daily activities of the patient, the blood
flow rate has to be adapted to the changing load conditions.
This is achieved by increasing or decreasing the input power
of the blood pump [1]-[4], [29]-[33].

In order to provide a realistic setup, the focus in this
contribution lies on the Heartware HVAD system (Heart-
Ware Inc. [34]). The schematic of the HVAD is shown in
Fig. 3. In [35], the relationship between the VAD input
power, required to operate the rotary motor inside the blood
pump, and the rotational speed of the rotary motor is shown.
The rotational speed and the input power depend on several
parameters such as the gender, weight, age, heart failure
stage and current physical activity of the patient [36]. For
clinical treatments, the rotational speed (in revolutions per
minute: [RPM]) mostly remains between 2400 RPM and
2800 RPM [35]. In the region of normal operation, the power
consumption lies between 2.7 W and 4.6 W. For the design of
the system, 4.6 W was considered as the maximum average
required power and thus the worst case scenario.

Whereas the above mentioned parameters can be obtained
from [35], further parameters had to be assessed exper-
imentally. For that purpose, a training Heartware system
was employed (see Fig. 3). After having removed the outer
insulation of the drive line, AC voltages and currents for
the minimal average (2400 RPM, 2.7 W) and maximal av-
erage (2800 RPM, 4.6 W) configurations were measured as
(1.73V, 1.55A) and (2.24V, 2 A), respectively. This mea-
surement was repeated for several rotational speeds from
2400RPM to 2800 RPM and their corresponding average
power levels, as well as for 2.2 W and 5.6 W at 2400 RPM and

2800 RPM, respectively. It was concluded that the voltage-
current ratio of the measurements remains unchanged and
hence the rotary motor can be considered as a resistance load
with a value of 1.12Q £+ 0.1 Q.

E. Compatibility of the WPT Module with the
Qi-Standard

Two planar coils were used in the design process as the
primary and secondary coils, with a nominal distance of
10mm [6], [16]. The WPT system was then optimized to
inductively transfer 4.6 W.

The international Qi-standard, developed for WPT appli-
cations, ensures the interoperability between the products of
various manufactures. The relevant practical features, defined
for low power devices, also suited for wearable applications,
are summarized as [9], [37], [38]:

1) Wireless power delivery among planar coils based on
magnetic induction

2) Power transfer range of up to 15 W

3) Operational frequency band of typically [87-205]-kHz

4) Distance transmission range between 5 mm to 40 mm.

The WPT module design considerations comply with the
Qi-standard.

Ill. DESIGN OF THE CoIL CORES
A. WPT Module 1: Coils without Cores

To achieve high efficiency and thermal compatibility, [39]
proposes the use of low-loss coils in WPT modules, made of
litz wires, to manage skin and proximity effects and thus keep
AC resistance low.

For the proposed WPT module, two identical planar wireless
power charging transmitter coils (Wiirth Elektronik [40]),
made of litz wires, with the maximum Q-factor in the range
of 100-200 kHz were employed as the primary and secondary
coils as shown in Fig. 4a. Since the coil is light and compact,
Qi-standard compatible, applicable for more than 15W and
exhibits a low AC resistance, it is an excellent candidate for
the WPT module.

B. WPT Module 2: Coils with Pot Cores

1) Dimensions Optimization: The fraction of the entire
magnetic flux emanating from the primary side and flowing
through the secondary side can be described by the coupling
coefficient. The objective was to optimize the dimensions of
the pot cores wypys; and hy; (i = 1, 2 and 3), shown in Fig. 2,
so that the coupling coefficient, defined as

k = ; ey

is maximized [41]. In (1), L, and Ly are the inductances of the
primary side and secondary side, respectively, and M describes
the mutual inductance. To this end, the optimization of this
WPT module was carried out with a computer-aided design
process, i.e., with CST EM Studio software (Low Frequency
Domain Solver).
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Fig. 4: (a) Double-layer coil with 20 windings used in the proposed WPT modules: dincoii = 20.5 mm, doytcoit = 42.9 mm and

heoit = 2.3mm (used in WPT modules 1, 2 and 3).

(b) Fabricated primary and secondary pot cores (designed and used in WPT modules 2 and 3).
(c) Flexible ferromagnetic inserts embedded in the primary and secondary pot cores, to further enlarge the WPT system

efficiency (designed and used in WPT module 3).

The relative permittivity, relative permeability and electrical
conductivity of the core material were measured at the LSP
Institute of Polymer Materials at the Friedrich-Alexander-
University Erlangen-Nuremberg, and obtained as 2.8, 12 and
5 x 10713 Sm™~!, respectively. These values were applied as
the first estimation of the core material characteristics in the
simulation process. Moreover, in the simulation, the secondary
side was placed in the fat-layer (hg = 8.05 mm) [42], under
a 1.95mm thick skin-layer (hgi, = 1.95mm) [43].

2) Fabrication Process: The filler powder was obtained by
grinding the nanocrystalline soft magnetic material Vitrop-
erm 250 (VACUUMSCHMELZE GmbH & Co. KG.) to a
coarse and fine primary powder by a variable speed rotor
mill PULVERISETTE 14 (FRITSCH GmbH). The primary
powders were sieved with a test sieve shaker according to
DIN 66 165-1 with sieves of a mesh width 500, 250, 150,
100 and 63 pm [44]. The detailed powder production process
is explained in [8]. The fraction between the sieves 150 and
100 pm was chosen to ensure sufficient permeability and good
molding accuracy. As silicone matrix two component high
temperature vulcanizing liquid silicone rubber Elastosil LR
3003/3 (Wacker Chemie AG) was weight out at a ratio of 1:1,
mixed in a speed mixer and degassed by a desiccator. The
fraction between the sieves 100 and 63 um was weight out at
40 vol.% and mixed with the liquid silicone rubber in a speed
mixer. The compound was poured in a 3D printed ABS mold
resembling a negative of the pot cores. The compound was
again degassed in a desiccator and crosslinked at 90 °C for 16
hours.

The pot cores were characterized at the LSP Institute of
Polymer Materials at FAU and are shown in Fig. 4b. The
measured permeability of the core material due to its inho-
mogeneity is not accurate and includes a deviation of 12 + 4.
As the exact value is of importance, the core material was
accurately characterized according to the procedure described
in appendix A.

Moreover, the alternating magnetic loss tangent (tand,,)
of the core material was measured as less than 0.01 [7].
Therefore, the imaginary part of the permeability was assumed

TABLE |l: ELECTROMAGNETIC AND THERMAL PROPERTIES
OF THE CORE MATERIAL.

Parameters Pot cores Units
Relative permittivity 2.8 -
Relative permeability 9.5 -
Density 1010 kgm~—3
Electrical conductivity 5x 10713 Sm~!
Heat capacity 1250 Jkg—tec—1
Thermal conductivity 1 Wm~1teCc—1
Emissivity 0.9 -
Convective heat transfer coeff. 5 Wm—2°C—1

to be neglectable and was set to 0 in the simulation.

The results as well as further physical properties of the pot
cores, which were also measured at the operational frequency,
are summarized in Table II.

3) Biocompatibility Test of the Core Material: Biocompat-
ibility denotes the ability of biomaterials to be deployed
in medical therapies without provoking adverse effects for
biological tissues [45]. To verify the biocompatibility of the
core material the following experiment was performed at the
Department of Cardiac Surgery at the University Hospital
Erlangen:

As a first step to assess biocompatibility, in-vitro cytotoxity
was investigated as proposed in ISO 10993-5:2009 [46].
Human Saphenous Vein Endothelial Cells (HSVEC) were
cultivated for 14 days in direct contact with the different
core material samples and cell proliferation was assessed
qualitatively and quantitatively.

PrestoBlue® Cell Viability Reagent A 13261 (from Invit-
rogen, Thermo Fisher Scientific Inc.) was added to the cell
cultures on day 1, 4, 6, 8, 11 and 13 and the resulting colour
changes were measured via absorption.

C. WPT Module 3: Coils with Cores Containing
Ferromagnetic Inserts

To further increase the coupling coefficient and conse-
quently the efficiency, a new design, shown in Fig. 4c, is
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TABLE |ll: ELECTROMAGNETIC AND THERMAL PROPER-
TIES OF THE INSERTS.

Parameters Inserts Units
Relative permittivity 6.9 -
Relative permeability 230 -
Density 4750 kgm—3
Electrical conductivity 5 x 10~° Sm~—1!
Heat capacity 750 Jkg—lec—1
Thermal conductivity 4 Wm~tec—1

proposed. The low-loss, high permeability (=~ 230) flexible
ferrite sheets are formed out of the blue inserts and then
embedded in the magnetic primary and secondary pot cores
during the fabrication process [47]. The material properties of
the inserts were measured at the operational frequency and the
results are summarized in Table III.

The optimization of the geometry of the inserts was also
carried out in CST software.

IV. PERFORMANCE EVALUATION: METHODOLOGY
A. Module Characterization

To evaluate the performance of the WPT modules 1, 2
and 3, they were individually simulated in the CST soft-
ware. The simulation enabled us to determine the electrical
characteristics of the modules such as the primary side-,
secondary side- and also the mutual inductances. To verify the
obtained inductances in the simulations for the WPT modules
1 and 2, two measurements were performed in air with an
impedance/gain-phase analyzer (4194A HP Inc.).

To determine the primary side inductance, the primary coil
was connected to the impedance analyzer, while the secondary
coil was left open. The same procedure was performed to
measure the secondary side inductance. To measure the mutual
inductance, the primary coil was connected in series with the
secondary coil, the two remaining free cables of the primary
and secondary coils were connected to the impedance analyzer.

Moreover, to verify the behavior of the magnetic flux den-
sity (B [T]) versus the magnetic field intensity (H [Am~!]),
a ring core fabricated with the same material used in the pot
cores was characterized at the Chair of Electron Devices at
FAU [48]. The ring core before and after winding is shown in
Fig. 5.

B. WPT System Design: WPT Module and Circuitry

The application of an AC voltage in a WPT module gener-
ates both active and reactive power. The system consumes the
active power, while the undesired reactive power circulates
in the WPT components, oscillating between the magnetic
and electrical circuits [49]. However, the reactive power can
be compensated by decreasing the equivalent reactance at
both power transmitter and receiver circuits [50]. This can be
achieved by employing two resonant networks at the primary
and secondary sides, consisting of two capacitors Cp, and Cs in
series with the primary side with the inductance of L, and the
secondary side with the inductance of L, respectively. This

(b)

Fig. 5: Ring core before and after winding. (a) Inner diame-
ter = 40.5 mm, thickness = 5.1 mm and hight = 10.7 mm. (b)
40 turns primary winding and 40 turns secondary winding.
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2
A WA
P L L. s o8

|
CP

1’ 2!
Fig. 6: Equivalent circuit for the primary and secondary sides
with the compensation capacitors.

ensures the highest voltage gain across the loadless-primary
and -secondary sides [51]. The capacitors C, and Cj, given
by [52]

1
C’p/s = 37

WoLopss

where wy = 27 fo, 2)

were connected to the primary and secondary sides, respec-
tively, as shown in Fig. 6.

To reduce the signal reflection at port 2 and ensure the maxi-
mum power transfer efficiency, the conjugate image impedance
technique was applied for the secondary side. To this end, a
resistance (Z;), given by [53]

(woM)?
1+ — 3
+ RR, 3)

Zs = Rs

was assumed to be connected to port 2 at the secondary side.

For the power transferred to the pump P, the corresponding
input voltage can be calculated as [54]

S \/PL[(wOM)2 FR(Z TR

(WOM)2ZS

Finally, the power transfer efficiency of the WPT system is
given by
50

= — 5

"= 5)

where Pp1 is the generated power from the voltage source.

The exact value of the efficiency can only be calculated, if the

power loss due to the human tissues surrounding the coils is
taken into account.
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TABLE |V: OPTIMIZED VALUES OF THE DIMENSIONS OF
THE PRIMARY AND SECONDARY POT CORES (SEE FIG. 2).
VALUES ARE GIVEN IN MILLIMETER.

hp,l hp,2 hp,g Wp,1 Wp,2 Wp,3
5.5 2.4 3.1 19 22.5 5.9
hs,l hs,2 hs,3 Ws, 1 Ws,2 Ws,3

5 3.2 2.2 19.4 17.6 5.9

C. Field and Thermal Simulation

As mentioned in III-B.1, III-B.3 and IV-A, the optimization
of the WPT modules 2 and 3 and also the performances
comparison of the three WPT modules were carried out in
the CST software. CST allows for a multiphysical simulation,
namely EM-thermal coupling simulation. By applying the EM
simulation, the inductances were obtained and consequently
the optimizations became possible. Moreover, the losses were
be calculated in the EM simulation. The losses were saved
and imported into the coupled thermal solver (Thermal Steady
State Solver). By defining the coils as heat sources and other
required setting such as thermal surface properties and the
bioheat properties of the relevant tissues and also considering
the losses, the temperature distribution was obtained.

To correctly simulate losses and consequently the temper-
ature, it was necessary to find the currents flowing through
each coil of each WPT system.

V. SIMULATION AND MEASUREMENT RESULTS
A. Module Characterization: Verification

For the WPT module 1, the simulation results were obtained
as 14.06 pH for the primary coil, 14.10 uH for the secondary
coil and 4.38 uH for the mutual inductance.

To verify the simulation results, the inductances and AC
resistances of the primary coil and the secondary coil of
the module 1 were measured at the operational frequency
with the impedance analyzer. The measured values were
14.04pH, R, = 0.061 € for the primary coil and 14.02pH,
Ry = 0.083 %2 for the secondary coil. The mutual inductance
was also measured as 4.37uH. The simulation results hence
perfectly coincided with the measured results.

In case of the WPT module 2, the optimal dimensions of the
primary and secondary pot cores were obtained by optimizing
the coupling coefficient. These dimensions are summarized in
Table IV.

For WPT module 2, referring to the simulation results, the
primary, secondary and the mutual inductances were obtained
as 24.43 uH, 23.48 uH and 10.34 puH, respectively. To validate
these results, the magnetic characteristics of WPT module
2 were measured with the impedance analyzer. The induc-
tances of the primary and secondary sides were obtained as
L, =24.45uH and L, = 23.75 pH, respectively, and the mutual
inductance as M = 10.35uH. The simulation results again
perfectly coincide with the measured results, also proving that
the skin-layer and fat-layer bounded between the coils, at
the chosen operational frequency, do not influence the WPT
modules’ magnetic characteristics. Moreover, it also shows

—
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Fig. 7: Measured B-H hysteresis curve of the ring core (see
Fig. 5) at 110kHz for magnetic field intensity (H) between
—700 Am~! and 700 Am~!.

that guiding the magnetic flux by the magnetic pot cores causes
an increase in the values of the primary side, secondary side
and mutual inductances and overall the coupling coefficient in
comparison to WPT module 1.

For WPT module 3, the simulation results indicate that
owing to the inserts embedded in the cores, the primary,
secondary and mutual inductances were further increased to
32.42pH, 32.57pH and 16.94 pH, respectively.

Finally, the measured results for the ring core shown in
Fig. 7, indicate that its B-H hysteresis curve perfectly shows a
linear behavior for a wide range of the magnetic field intensity.

B. Biocompatibility Test of the Core Material

For the biocompatibility test of the core material, the fol-
lowing result was reported: HSVEC proliferated similar with
all core material samples. A reduced cell count in all samples
was observed compared to the control sample, which did not
contain any material sample. This can be explained by the
smaller available cultivation area due to the material sample in
the culture well. The qualitative evaluation of the cells under
the microscope showed no zone of reduced growth around
the material samples and no changes in the cell morphology.
Therefore, no reactivity with the material and no indication
for cytoxity can be deduced. Of course, in order to confirm
long-time biocompatibility further and broader tests have to
be done with the selected core material.

C. Circuit Simulation

To carry out the field and thermal simulations for trans-
ferring 4.6 W to the pump, the currents flowing through the
coils had to be obtained. For this purpose, the circuit shown in
Fig. 6 was simulated in LTspice software (Linear Technology
Corporation) for three WPT modules, in accordance with their
corresponding electromagnetic characteristics, compensation
capacitors and the optimal load at port 2.

For instance, in case of WPT system 2, the capacitors C),
and C; were calculated as 85.61 nF and 88.11 nF, respectively,
and the optimal resistance Z; as 8.34 ).

However, as mentioned in II-D, the resistance with a value
of 1.12, representing the blood pump, was targeted as the
load and therefore had to be connected to port 2. But this load
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Fig. 8: Equivalent circuit of the WPT system optimized to
meet the design requirements. Ry describes the electrical char-
acteristic of the blood pump. For WPT module 2, the values
are given as Ly = 24.45uH, L, = 23.75uH, M = 10.35uH,
R, =0.0619, R, = 0.083Q, C, = 85.61nF, C; = 83.11nF,
Zmin = 8.34Q, Cy = 0.44pF, Ly, = 4.11pH, Ry = 1.12Q
and Ry =~ 0€).

did not correspond to the optimum resistance Zs. To overcome
the resistance mismatching, an impedance matching circuit
with L-section was designed based on the input resistance
Zmin = Zs = 8.34() and the load resistance Ry, = 1.122 [55].
The resulting optimal design is shown in Fig. 8.

To realize a galvanic isolation and separate reference po-
tentials on the primary side and secondary side, the secondary
circuit was designed symmetric. As a result, the load resistance
was split into two resistances with half the value of the load
resistance.

To obtain the currents through the coils with each WPT
system, three circuits, as shown in Fig. 8, were simulated with
LTspice software. To transfer 4.6 W to the pump, in case of
WPT system 1, 1740 mA flowed through the primary coil and
940 mA through the secondary coil, for WPT system 2, the
currents of the primary and secondary coils were obtained
as 874mA and 732mA, respectively, and finally in case of
the WPT system 3, 681 mA and 572mA flowed through the
primary and secondary coils, respectively.

Owing to the low operational frequency, the average power
loss in tissues for each WPT system was significantly lower
(based on the simulation results: 4.15 x 10~> W for WPT sys-
tem 1, 3.32 x 10~ W for WPT system 2 and 3.73 x 107> W
for WPT system 3). Therefore, it can be disregarded when
calculating overall efficiency. The coupling coefficient and
efficiency of the WPT systems 1, 2 and 3 were obtained as
[k1, m1 = [0.31, 83.42%], [ka, n2] = [0.43, 95.22 %] and
[k3, 3] = [0.52, 96.33 %].

D. Field and Thermal Simulation: Evaluation

To clarify the effect of power transfer efficiency on temper-
ature, the field and thermal simulations were carried out for
WPT modules 1, 2 and 3.

In order to compare the generated magnetic field intensities
of the WPT modules 1, 2 and 3 under the same conditions in
the simulation process, the current for both coils of the WPT
modules was limited to 1 A. The field simulation result for
WPT module 1, shown in Fig. 9a, indicates that the magnetic
field strength is moderately strong at front and back side of
each coil. However, in case of WPT module 2, shown in
Fig. 9b, owing to the high magnetic permeability of the two
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(a) WPT module 1
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(c) WPT module 3

Fig. 9: Magnetic field intensity (H [Am~!]) distribution for
the cross section of the WPT modules 1, 2 and 3 through
the symmetry axis (see also Fig. 2) for currents I, = 1A
and I; = 1 A flowing through the primary and secondary coil,
respectively. By use of the pot cores in WPT module 2 and the
ferromagnetic inserts in WPT module 3, maximum magnetic
field intensity was increased from 1589 Am~! (WPT module
1) to 4322 Am~! (WPT module 2), and finally to 6860 Am—!
(WPT module 3).

pot cores, the magnetic field strength is decreased at the back
side of each coil, however, significantly increased between two
coils. This is a consequence of the low magnetic resistance Ry,
of the pot cores, which guide the magnetic flux. It is guided in
a way such that the magnetic flux mainly penetrates through
both coils, which minimizes stray inductances and thereby
increases mutual inductance and coupling coefficient. For the
same reason, since the WPT module 3, thanks to the inserts
with high permeability, exhibits the lower magnetic resistance,
the magnetic field strength is consequently higher than for
WPT module 2.

For the thermal simulations the corresponding field simu-
lations were carried out regarding to the obtained currents in
section V-C.

For WPT module 1, to simulate the worst case scenario,
the initial temperature of the skin-layer was set to 37 °C.
According to the thermal simulation shown in Fig. 10a, the
skin area in physical contact with the primary coil experiences
a maximum temperature of 38.19°C after 3 hours. This
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Fig. 10: Temperature distribution after 3 hours for the cross
section of the WPT modules 1, 2 and 3 through the symmetry
axis (see also Fig. 2) for 4.6 W being wirelessly transferred to
the pump. By use of the pot cores in WPT module 2 and the
ferromagnetic inserts in WPT module 3, the currents I, and
I flowing through primary and secondary coil were reduced
while keeping the transferred power fixed. Consequently, max-
imum temperature decreased from 38.19 °C (WPT module 1)
to 37.38 °C (WPT module 2), and finally to 37.27°C (WPT
module 3).

(c) WPT module 3: I, = 681 mA and I = 572mA

reflects an increase by 1.19 °C.

For WPT module 2, to simulate the worst case scenario,
the initial temperatures of the skin-layer and the primary pot
core were set to 37 °C. The corresponding thermal distribution
is shown in Fig. 10b. The skin area in physical contact with
the primary coil experiences a maximum temperature of about

TABLE V: COMPARISON OF WPT MODULES 1, 2 AND 3.

WPT modules

Parameters Module 1  Module 2 Module 3  Units
Transferred power 4.6 4.6 4.6 W
Pri. side ind. 14.04 24.45 32.42 nH
Sec. side ind. 14.02 23.75 32.57 uH
Mutual ind. 4.37 10.35 16.94 pH
Coupling coeff. 0.31 0.43 0.52 -
Efficiency 83.42 95.22 96.33 %
Pri. coil current 1.74 0.87 0.68 A
Sec. coil current 0.94 0.73 0.57 A
Min. temp. 37 37 37 °C
Max. temp. 38.19 37.38 37.27 °C
38.2 = —
f \ ll l‘ = Module 1
386 1 \ ~Module 2||
3 l' ! ,' || --Module 3
\
°37.8F ! \ K ' 1
= ! \ ’ ',
23761 ! St \ ]
& ! '
=)
(5]
=
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Fig. 11: 1D-temperature distribution on the z-axis (y = 0 and
z = 0), where the primary coil touches the skin-layer. The
application of pot cores decreases the maximum temperature
and homogenizes the temperature distribution in the skin and
fat.

37.38 °C after 3 hours reflecting an increase by 0.38 °C. This
temperature remains in the safe level discussed in section II-C.

Finally, in case of WPT module 3, by considering the
worst case scenario, the maximum temperature was obtained
as 37.27°C after 3 hours reflecting an increase by 0.27 °C,
which truely is a very low increase.

E. Summary of the System Performance

The obtained critical parameters before and after optimiza-
tion of the WPT modules are summarized in Table V.

Moreover, the temperature distribution for 3 WPT modules
at the coordinates y = 0 and z = 0 on the zx-axis are
compared in Fig. 11. At this coordinate, the primary coil
touches the skin-layer and the skin experiences the maximum
temperature. Owing to the symmetry in the WPT design, the
same results are obtained for all axes in the zy plane at z = 0.
It is concluded that the application of pot cores not only
decreases the maximum temperature, but it also homogenizes
the temperature distribution in the biological-layers. Therefore,
there is no risk of tissue burns.

VI. CONCLUSION

Magnetic liquid silicone rubber composite cores applicable
to WPT were designed, fabricated and validated. Owing to
its biocompatibility and high magnetic conductivity, the core
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material is a perfect candidate to realize a high-efficiency WPT
for medical applications. The measured results indicate that
applying the cores in a typical WPT system, thanks to guiding
magnetic flux, significantly increases the coupling coefficient,
which guarantees a higher power transfer efficiency. This
consequently ensures that for a certain amount of power
transfer, lower currents are required. Therefore, the thermal
compatibility for implants which need a significant amount
of power for operation such as VADs, can be improved. In
this contribution, the integration of WPT containing magnetic
silicone cores in VADs was investigated. The integration sce-
nario is to replace the part of the drive line, passing through the
skin-layer, by the proposed implantable WPT to facilitate an
inductive power transfer through the skin-layer, and as a result,
to avoid a puncture of dermis. The results show an improved
thermal compatibility when applying the cores. Moreover, by
applying the pot cores in WPT, the temperature distribution
is homogenized in the skin-layer and the fat-layer. Finally,
its biocompatibility, flexibility and high magnetic conductivity
make the proposed WPT design an excellent candidate for
integration in cardiac assist devices such as VADs.
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APPENDIX |
CORE MATERIAL CHARACTERIZATION

As mentioned in section III-B.2, the first estimation for
the permeability of the core material was 12 £ 4. Since
the magnetic property of the core material is one of the
crucial design parameters, it was necessary to characterize
this material at the nominal operational frequency to guar-
antee a robust design. For this purpose, a set of simula-
tions and measurements were carried out to find the exact
permeability of the pot cores. First, the primary coil was
simulated in CST with a current of 1 A flowing through the
coil. The simulation results showed a relative deviation of
0.03uH from the measured result (Lp_sim.1.cot = 13.98uH
and Lp meas_1.coit = 13.95uH). Next, the primary and sec-
ondary coils with a separation distance of 10mm were
simulated. In both simulation and measurement procedures,
one of the two coils was supplied with the current of 1A,
while the other coil was left open. The simulation results
coincided with the measured results (Lp_gim_2_coits = 14.06 pH
and Lp,meas,Q,coils = 14.04pH, Lsgmo2.cois = 14.10uH
and L meas2_coils = 14~02“H7 Miim_2_coits = 438“H and
Mineas 2.coits = 4.37uH). Finally, the primary and secondary
pot cores were added to the simulation. In the simulation,
for the permeability of the cores with the value of 12, the

primary and secondary sides’ inductances were obtained as
Lp,sim,Q,coils,cores = 25.68 IJH and L gm 2 coils_cores = 24.75 HH
and the mutual inductance as Mgy 2 coils.cores = 11.25uH.
However, these results did not match the measured results
mentioned in section III-B.2. To find the exact value of the
permeability, in the simulation, the permeability of the core
material was decreased in steps of 0.5 until the simulation
results aligned with the measured results. A perfect matching
was achieved for a permeability of 9.5, which resulted in
24.43 pH for the primary side and 23.48 uH for the secondary
side and the mutual inductance of 10.34 uH. The slight de-
viation between the simulation and measured results are due
to the measurement inaccuracy and the inhomogeneous core
material characteristics, causing variable magnetic property.
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