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1Abstract—In this paper we present the novel design of the
multilayer planar inductor for biological experimentation in
pulsed magnetic fields. The presented planar inductor, together
with developed high voltage generator, is capable to deliver 1T
homogeneous magnetic fields in the volume of 17 µl with pulse
repetition frequency up to 10 kHz. The finite element methods
were applied to evaluate the magnetic field distribution and
heat dissipation of proposed multilayer planar inductor under
aluminium dioxide Al2O3 substrate. The computed and
experimental results are presented as well.

Index Terms—Planar inductor; Pulse power; Pulse
magnetic field; Finite element method; Biological cell.

I. INTRODUCTION

The application of pulsed magnetic fields increased
dramatically during last few decades. The scientists and
engineers have found the applicability of magnetic fields in
areas such as military applications – rail guns [1], [2], food
industry – food preservation [3], [4], medicine – “Hall
effect” imaging, tomography [5]–[7] biology – delivery of
the nanoparticles [8]–[11] or even in space programs –
active shielding from radiation [12], [13]. One of the novel
areas of the application of high pulsed magnetic fields is
magnetoporation – permeabilization of the living biological
cells using high pulsed magnetic fields. The original and
seminal [14]–[17] papers on the permeabilization of living
cells using pulsed magnetic fields takes a large interest in
scientific society as it can be applied as contactless method
of the well-known electroporation phenomenon [18]–[22],
when high up to 30 kV/cm electric fields are applied over
cell membrane, which causes an increase of cell
transmembrane potential. When the transmembrane
potential reaches 200 mV – 1 V, depending on the cell type,
the cell membrane becomes permeable to small molecules
due to appearance of the permanent nanopores over cell
membrane. Despite all the advantages the electroporation
application requires tens of kilovolts to be applied, which
can lead to cell death [23]–[26].

Therefore, application of high magnetic field pulses with
high dB/dt, results the induction of the electric field which
leads of increase of the membrane potential. In such way
magnetoporation allows contactless cell membrane
permeabilization without side effects of electroporation [14],
[27]–[29].

Manuscript received 29 October, 2017; accepted 11 February, 2018.

The existing magnetoporation systems can generate
pulsed magnetic fields up to 20 T. To generate such pulsed
magnetic fields the complicated pulse forming networks,
heavy, large volume and expensive pulsed magnetic field
generators with limited transport possibilities are used.
Usually these systems are used to investigate the
phenomenon itself. Also, the lack of such generators due to
their complexity and price impedes their applicability for
small research groups or individual researches.

In this paper we present novel multilayer planar inductor
together with magnetic field generator for biological
experiments in pulsed magnetic fields. The planar
technology is well developed, therefore, different forms of
inductors can be replicated and produced by
photolithography. The proposed assembly of the planar
inductor is capable to generate pulsed magnetic fields up to
1 T with repetition frequency up to 10 kHz.

II. PLANAR INDUCTOR

A. Geometry
Figure 1 shows a proposed 3D model of the planar

inductor for cell permeabilization in pulsed magnetic fields.
The combined and expanded view of the multilayer planar
inductor are shown in the figure. As it can be seen from the
expanded view, the 4 separate planar inductors are stacked
together on the axis of revolution by revolution angle of 90°.
The planar inductor is fabricated using photolithography
process. Using photolithography technology, the planar
inductor can be fabricated on standard FR-4 textolite
substrate as well as our proposed aluminium oxide Al2O3

substrate.

Fig. 1. Expanded and combined view of the novel planar inductor for
biological experiments in pulsed magnetic fields.
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As FR-4 as well as Al2O3 are good insulators, the
substrate acts as electrical insulation material between the
stacked coils operated under high voltage.

Also, the substrate works as heat sink and protects from
overheating during repetitive operation. As the planar
technology is well developed, it is easy to replicate the
proposed inductor geometry without complex and expensive
manufacture techniques, which makes it more accessible for
small scientific research groups. After evaluating the
standard electroporation cuvette sizes, an inductor with an
internal diameter of 3 mm is selected for the prototype. The
metalized layer, in the standard case is 0.1 mm.

It should be noted that proposed geometry of the planar
inductor is not limited by the number of the stacked
inductors as long as the sufficient heat dissipation from the
plates of the inductor is ensured.

The physical parameters of the coil as well as simulation
parameters for the magnetic flux density and heat exchange
calculation are given in the Fig. 2.

Fig. 2. Physical and mathematical simulation parameters of the proposed
planar inductor.

B. Magnetic Field Distribution
Figure 1 and Fig. 3 shows planar inductor configuration

for cell treatment in high pulsed magnetic fields. Referring
to both figures, the proposed model of the inductor is
modelled as four concentric cylinders placed on the top of
each other and depending on simulation parameters
separated by textolite FR-4 or Al2O3 substrates for insolation
and heat dissipation purpose.

Fig. 3. Magnetic flux density and magnetic field lines.

The simplified mathematical model of the planar inductor
was made using “COMSOL Multiphysics” finite element
method analysis tool and is presented in Fig. 3. To
implement transient parameters of the current pulse,

delivered from the pulsed magnetic field generator the time-
dependent solver for the simulation was chosen. While to
evaluate magnetic flux density B the “Magnetic Fields (mf)”
physics was chosen. Under this physics module the “Coil
Group Domain” was selected to simulate four different coils
stacked on the top of each other. The time varying current
source was defined as excitation of the coil. The concentric
cylinders together with inductor pads are treated as
axisymmetric model which, is revolved by 360° after
simulation. As it can be seen from the Fig. 3, the stacked
inductor four loops can be described as Helmholtz coil
arrangement. The separate magnetic flux densities generated
by separate planar inductors can be added by superimposing
four constituent fields. The simulation results showed that
the homogeneous generated flux density in the volume of
17 µl is equal to 1 T. The proposed geometry is not limited
with the number of the stacked coils and allows of
generation of the higher homogeneous magnetic fields in
large volumes with adding more planar inductors to the
stack. The magnetic field lines for the developed geometry
are given in the Fig. 3.

C. Heat Dissipation
In biological experiments as well as in electroporation or

magnetoporation, it is important to maintain a constant
temperature, or at least to be sure that, the peak temperature
does not exceed the permissible limits during the
experiments. To estimate the warm-up processes in
proposed planar inductor geometry the “COMSOL
Multiphysics” finite element method analysis tool was used.

Fig. 4. Mathematical calculations of the heat dissipation in the planar
inductor.

The finite element method analysis results are presented
in Fig. 4. As it can be seen, in a multilayer planar inductor
using a glass textolite (FR-4) insulating material the
temperature of 85 °C can be reached in a distance l of
0.2 mm from the internal conductor surface when 30
repetitive pulses with duration of 5 µs are used. Such
warming can be negative for the biological objects under
investigation. The thermal conductivity of the textolite FR-4
is about 0.4 W/mK. Therefore, in order to increase the heat
transfer in the structure, aluminium oxide Al2O3 substrates
with a thermal conductivity of 24 W/mK were proposed
instead of the textolite. The results of the warming
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simulation of a multilayer planar inductor on textolite and
Al2O3 pallets are presented in Fig. 4. As we can see the
maximal heating using Al2O3 substrate is dropped by 40 °C
resulting in maximal temperature increase of the 55 °C. Also
increasing measurement point distance l from the planar
inductor results the temperature increase up to 25 °C that
ensures the sufficient temperature for the biological
substances [30].

III. PROPOSED EXPERIMENTAL SETUP

A. Magnetic Field Generator
Figure 5 presents the prototype of pulsed magnetic field

generator for biological experiment in pulsed magnetic
fields. The proposed pulsed magnetic field generator
consists of four independent and galvanically insolated high
voltage sources, IGBT switch and a planar inductor that
generates a magnetic field. The proposed generator topology

together with the multilayer inductor is not limited in
number of the coils and generators as each inductor is
powered by a separate power source.

The 32 bit. ARM Cortex-M0 microcontroller (LPC1114)
generates the signals with the following pulse parameters:
pulse width (10 µs–30 µs), pulse frequency (1 kHz–10 kHz)
and pulse number (1–999) with an amplitude of 3.3 V. The
signal is sent to the galvanically insolated driver which
drives two MOSFET (PSMN2R6-40YS) transistors. When
microcontroller generates the 3.3 V signal, left MOSFET
transistor (SW2) is ON and right (SW3) – OFF state. So
IGBT (IXYX100N120B3) gate emitter voltage is +25 V.
When IGBT is turned-on, the current flows through the
planar Coil. When microcontroller signal is low (0 V), the
left (SW2) transistor of half bridge is turned-off, and right
(SW3) – turned-on which results in gate emitter voltage to
be -9 V.

Fig. 5. Simplified schematics of pulsed magnetic field generator for biological experimentation.

Half bridge control system with MOSFET transistors
enables to get more powerful driver for IGBT control
comparing with ordinary IGBT drivers. During operation,
the turn-on and turn-off transients of the IGBT switch take
place in case of inductive load. Therefore, clamping diodes
should be connected to protect IGBT from transient
overloads.

B. Magnetic Field and Heat Dissipation Measurements
To test simulation results of the pulsed magnetic field and

heat dissipation during the field generation the setup of
measurement of the magnetic field distribution and heat in
the center of the planar inductor is proposed. The simplified
circuit of the magnetic field and temperature measurement
setup is shown in the Fig. 6.

The proposed magnetic field generator generates
magnetic field pulses with duration in microsecond range.
To measure such high-gradient magnetic fields, the fast and
small in dimensions’ magnetic field sensor is required.

As we can see from Fig. 3 the direction of the generated
magnetic field is known. Due to this the loop sensor was

chosen for axial magnetic field measurement experiments.
The magnetic field loop sensor was made in Institute of
High Magnetic Fields of Vilnius Gediminas Technical
University (VGTU, Lithuania) and calibrated using
“Lakeshore 455” gaussmeter. The loop sensor was wounded
with 0.05 mm copper wire and consisted of 5 turns placed in
the middle of the planar inductor. The signal proportional to
dB/dt is integrated and controlled with oscilloscope.

Fig. 6. The magnetic field and temperature measurement setup.
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To evaluate the change of the temperature inside of the
planar inductor, the digital multimeter Tektronix DMM4050
together with platinum resistance temperature sensor
PT1000 due to its size was chosen. To simulate
experimental environment, the planar inductor with
aluminum oxide Al2O3 substrate should be filled with
distilled water. The thermocouple PT1000 should be placed
in the middle of the inductor.

IV. CONCLUSIONS

The proposed multilayer planar inductor geometry
consisting of four planar inductors with an internal diameter
of 3 mm and outer diameter of 7 mm, together with
proposed experimental setup, can generate < 1 T amplitude
pulsed magnetic field. According to finite element method
analysis, for the better treatment area heat exchange
characteristics the aluminum oxide Al2O3 substrates instead
of the textolite FR-4 are recommended to increase the heat
transfer. The warm-up of the multilayer pulsed inductor on
the aluminium oxide Al2O3 substrate is 40 °C lower than the
prototype of the textolite, which can have an impact on
results of the biological experiment.
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