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Vortex magnetic induction: Mathematical,
geometric and experimental characterization
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Some current energy transfer modules and magnetic stimulation systems with vortex fields are mostly composed of a Rodin coil. It has
been hypothesized that the most significant changes in the biological system stimulated with vortex magnetic fields are related to the type of
field lines and its magnetic field gradient. Therefore, to take advantage of its efficiency, it is necessary to characterize the vortex magnetic
field produced inside this coil and to define the behavior of the field gradient. The theoretical Biot-Savart law for this coil geometry is
discussed in this work, and the magnetic induction lines are characterized. Magnetic field modeling was carried out with the finite element
method; the above processes correlated with the register of the magnetic field of the Rodin performed with a three-dimensional magnetometel
Furthermore, the obtained results with Rodin coil stimulation were compared with those obtained with Helmholtz coil stimulation of a similar
biological system. The effect is widely evident in the first case.
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1. Introduction A fundamental calculation in electromagnetism is the
magnetic field due to current flow in a wire of finite length
using the Biot-Savart law. The calculation is based on con-

The generation of magnetic fields at the micro and nanoscalgidering some crucial limitations for more complex geome-
has been employed in a wide variety of applications, includiries; for example, the filament that acts as a field source and
ing magnetic domains and thermal propagation in thermal inthe observation point is located on one of the axes (or parallel
sulators [1], the detection of nanopatrticle labels in biomaterito them). However, it is necessary to study the field at an ar-
als [2], high-density image storage on magnetic tapes [3], anbitrary point in space due to a segment that is not necessarily
some other reports indicating the biological effects of magdocated on one of the axes; in that case, the complexity of the
netic fields [4-6]. Magnetic stimulation is a noninvasive alter- calculations is higher.

native treatment for different pathologies such as Alzheimer's The magnetic field gradient physically represents the

disease, Parkinson’s disease, and depression, among othertiation in magnitude concerning spatial variables. The

which means an advantage over current treatments, such alsange of the function should be considered if a value dif-
transcutaneous or deep electrical stimulation, due to the conference in the direction of interest is known, applying the
plexity of the application. corresponding vector operation with the nabla operator.

The mathematical modeling, design, and geometric con-

The most relevant results in the application of magnetic,ction of the Rodin coil [14] as a source of the mag-

fields focused on Alzheimer's disease showed the effect ORetic field in a dodecagon configuration are presented in this
cell proliferation and cytoprotection, demonstrating Promis-manuscript.

ing effects under different stimulation conditions [7,8]. In The theoretical procedure for the coil geometry is vali-

some studies, the effect of magnetic stimulation has beef,teq with simulation software based on the finite element

tested in animal models, indicating an increase in cognitiVgnethod, obtaining the quantized spatial distribution of the

abilities [9] and memory enhancement [10]. The use of VOlmagnetic field that radiates around.

tex magnetic fields has emerged as an alternative in the study 5 the other hand. a three-dimensional magnetic field
of the effect on biological tissue stimulation, demonstratingyy scanning system i,s built with a scanned space(of
the induction of proliferation of cell lines [11] and human ¢, g cm, performing a position sweep with the triaxial sen-

lymphocytes [12], as well as the reduction of amyloid betag, in the space surrounding the Rodin coil.
protein aggregates associated with Alzheimer’s disease [13].

An accurate way to estimate the effect of magnetic stim2,  Geometric analysis and mathematical
ulation involves describing and characterizing the field in model
three-dimensional space. For this, obtaining a mathematical
model of the field generation system is required under prede~or the geometric design of the Rodin coil, the position in the
termined stimulation conditions. space of the field source is considered, as well as an observa-
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WhereN is the number of winding turng, is the num-
_X ber of sides of the polygon that is formed during the winding
process/ is the supply current, an& is the average radius
of the polygon opening.

With the potential formulation, the magnetic induction
can be expressed by the following expression:
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FIGURE 1. The geometric approach of the field source (formed by Where A is the magnetic vector potential aRdis the nabla
12 segments, represented by the dotted line, the mathematical anspPerator that represents a vector operation related to the vari-
ysis is performed for the individual red segment, superimposing theation of any function concerning three spatial variables. This

result for the 12 segments) and the observation point P. expression represents the calculation of the magnetic field
gradient.

tion point; this approach is shown in Fig. 2. The field source

was thought to be a dodecagon in ti” plane.bn 3. Simulation by the finite element method

Considering the vectorial approach, the geometric con-
struction is carried out in each segment, resulting in the suThe mathematical model of the Rodin coil is based on the
perposition of the field due to all the segments. Subsequentlgo-called Rodin numerical map, which describes the spiral
two vectors are proposed: the position vector of the observaattern to produce magnetic field vortices. The configura-
tion point 7 and the position vectorgf the field soureé.  tion involves winding onto a toroid with 36 poles distributed
The resulting vector of the two vectors is calculated. Due along its median plane. The winding process follows an an-
to how the field is propagated in space, the spherical coordigular separation of 15Metween poles, measured relative to

nate system is chosen, starting from cartesian coordinates. the center of the toroid. For specific purposes, only 12 poles
of the 36 proposed are considered, with a separation of 30

T =17 (1) between poles. The design of a Rodin coil requires two main

- variables: the diameter of the aperture generated by the wind-

v =17, (2)  ing around the toroid and the magnitude of the field at the
— e center of the geometry; the other variables needed to build
R = (r—r)r. 3 the geometry can be obtained using geometric expressions.

The physical parameters of the model are shown in Table I.

It is relevant to know the vector that represents the tra-
jectory of the segment of the coil through which the current
flows. For the case of the Rodin coil, the line differential

TABLE . List of parameters defined in the mathematical model.

in spherical coordinates with all its components is consid- Parameter Variable Units
ered [15]. External diameter of the toroid D m
— N ~ . ~ Internal diameter of the toroid d m
di = dr7 +rdfd + rsin(0)dpe. “) Toroid aperture diameter R m
Therefore, with the geometric design, the substitution is Distance from the center of the
made in the expression of the Biot-Savart law: toroid to the edge Ry =3 m
Number of poles Npoles -
§ _ &.]/ dT X Tf 5) Winding angle between P1, 0, P6 0 rad
47 Rz Angle betweerR,,, P1, P6 0 rad
Angle betweerR, and r vy rad
The following expre_ssion is obtained_ by applying the re- Angle betweenX.; and r 3 rad
spective vector operations and converting the resulting ex- _
Distance between points P1 and P6 I m

pression to the cartesian coordinate system.
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FIGURE 2. Projection in a 2D plane of the winding of a Rodin coil.

4. System construction and magnetic field
measurement

After the model was validated with the construction of the
system and performing a scan of the field lines, an automatic
measurement system with a triaxial magnetic field sensor was
implemented.

The geometric model used for the simulation by the finite
element method to build the stimulation coil is taken as a ba-
sis, as well as the typical winding pattern of a Rodin coil, in
Fig. 3a), a dodecagon shape is observed within the geometry;
Fig. 3b) is illustrated on a plastic toroid where a copper wire
is wound into a pattern.

The Rodin stimulation system consists of a frequency
generator module (1), which uses a mobile device to select
the desired frequency, as shown in Fig. 4. The resulting fre-

The red line represents the construction of the first segment of th‘huency is sent through an audio interface to the amplifier

polygon.

In Fig. 1, the first two points (P1, P6) are used to deter-

mine a segment, taking geometric considerations and sym-

metry into account, and establishing a model.

Given the right triangle formed by the segmey, R.
and /2, the sum of the internal angles (right angleand
0,/2) is equal to 180C, with the opening radius and the an-
gle of winding @) required, the value of the segme®y can
be calculated using the following expression:

R. = R, sin(9), 8)

R, represents the outer radius of the toroid winding. In the
3D model design, the winding aperture does not change con-
sidering the curve of the winding on the toroid, but the change
is reflected in the length using half of the isosceles triangle
to estimate the length of segmént

I =2R,cos(0), 9)
A Rodin coil model bears the following characteristics:
e External diameter of the toroid: 9.95 cm.

Aperture diameter: 2.9 cm.

Number of poles: 12.
Winding angle: 150C.

The design of the simplified 3D model was carried out in
the Autodesk Inventor software, and later the geometry was
imported into the Comsol Multiphysics simulation software,
configuring the conditions to the domains that represent the
physics in steady state, that is, the excitation current does not
vary on time and frequency. The material assigned to the do-
mains for the coil is copper, and the space around the coll
is air. The discretization of the domain is generated by di-
viding the physics into tetrahedral geometric elements. As

b)

result of the simulation, the freedom degrees in this study a

q:IGURE 3. a) Simplified model of the geometry used for the sim-
"Blation by the finite element method. b) Top view of the winding

229,522, and an average simulation time is 1 min using anq representation of the winding pattern.

Intel CORE i7 processor.
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Stimulation System

(1) (2)
Frequency Amplifier
Generator Module Module

Mapping coordinates

* Motor activation
* Displacement of motors

* Hall effect sensor positioning

* Hall effect sensor activation
* Start of mapping

FIGURE 4. Block diagram of the Rodin coil wound pattern stimu-
lation system. p

* Mapped Field Coordinate
Analysis

ng

module (2) with a 12 V power supply. Then the amplified
signal is delivered to the winding pattern (3) which is made
up of two coils connected in series, generating a magnetic
field inside the coils. For the mechanical design of an au-

FIGURE 5. Stages of the control subsystem.

. o ) X b) =
tomatedXY Z Cartesian table, it is required to implement a ) i
methodology integrating mechanical, electrical, and control = T
subsystems. E ———— ——
1. The metallic structure is the central mechanical subsys- ‘._,j
tem of the table; squarel x 54 cm PTR (Rectangular a)_/_'_.l |

Tubular Profile) aluminum profiles were selected, for
the columns and beams. The guides are located alon¢.
the table and where the mobile beam that supports the e)
tool holder moves. Two linear guides are part of this
subsystem: a servomotor and an axis aligning the two
guides. Two toothed band guides were selected for the

linear displacement in this ax's'_’ from the movememFlGURE 6. Mechanical design of a Cartesidqy Z table, a) Sup-
systems, two stepper motors with a torque capable Of)ort for motors inX'Y axes, b) Support for motor in thg axis, c)

moving the metallic assembly can be defined. Hall effect sensor, d) Rodin coil, and e) Sweep control screen.

2. A programmable ATmega2560 microcontroller was

used for electrical subsystems, integrating an H-bridgd-artesian table's mechanical design, as shown in Fig. 6, in-
controller module to activate and deactivate the coilsClUdes: @) support for motors in th€Y” axes; b) support
contained in the stepper motor. for motors in the axes; c¢) Hall effect sensor; d) Rodin caoill;

and e) swept control screen. The obtained data is plotted in

3. The control subsystem presents four stages, as showRree-dimensional space, highlighting the importance of the

in Fig. 5. The data entry stage, which is data acquisivector characteristics of the field. At each point in space, the
tion of mapping coordinates in two dimensions, definesmagnetic magnitude of the three componets Y, Z) that

the instructions in G code for displacement in a cubicdescribe the magnitude of the field is recorded.
area of 21 cr. In the pre-processing stage, the acti-

vation of the motors is carried out in the movement of
the carriages to position the measurement sensorinthg  Resylts
volume to be mapped. The processing stage activates

the Hall effect sensor and starts the sweep SequeNCeye importance of characterizing the field generated by the
and finally, in the post-processing stage, the mappegqin coil lies in the interest of knowing the effect of vortex
field signals are stored on a microSD. magnetic induction in biological applications.

The three-dimensional magnetic field XYZ scanning sys- The mathematical modeling resulted in obtaining an ex-
tem consists of a magnetic field sensor (Melexis MLX90393)pression that describes the behavior of magnetic field vectors
with measurement characteristics in the vectorY’, andZ in a three-dimensional space produced by a 12-sided regular
components, with a measurement range of 5-50 mT and a repelygon. It is important to mention that since the model is
olution of up to 0.161uT [16—19]. The choice of the sensor a mathematical expression dependent on physical variables,
was based on the ease of configuration for obtaining data, deere may be indeterminacies when evaluating the expres-
well as the small size of the integrated circuit, which allowssion numerically. Hence, it is necessary to consider limita-
a position sweep with steps of 0.5 cm. Additionally, a Hall tions in the calculation. However, when comparing the re-
effect sensor is effective when measurements on the order slilts obtained by plotting this model with the model built in
micro and milli Teslas are required. the physics resolution software by the finite element method,

From the combination of linear movements, complex tra-it can be observed that there is a similarity in the spatial dis-
jectories can be generated in a three-dimensional space. &ibution of the field vectors, as well as in the field magnitude

B
=
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FIGURE 7. 3D graph of the magnetic field vectors at points in the space surrounding the Rodin coil by the models: a) Mathematical, b)
geometric (simulation), and c) experimental.

as temperature, gravitational forces, chemical concentrations,
TABLE II. Comparison of the magnitude of the magnetic induction and light or electromagnetic fields, to be in an optimal envi-
intensity ([mT]) in the developed models. ronment [20, 21]. The importance of field gradients has been
demonstrated in various research papers where the behavior
of cell groups in the presence of a high-magnitude gradient
Intensity [A] Value [mT]  Value [mT] Value [mT] magnetic field is studied [22].

1.60 3.90 4.08 4.13

1.25 3.01 3.00 3.05

Electric Current  Theoretical  Simulated  Experimental

Various stimulation studies using the Rodin coil present
results that demonstrate an increase in cell viability and pre-
0.60 1.30 110 116 vent the aggregation of the amyloid beta protein [13] or mod-
ification in protein expression [23]; In both study cases, the
measured at a point, even though a simplified model is simustimulation conditions are similar: field strengths between
lated in the software due to computational power limitations.1 — 2 mT, frequency ranges betwesf — 75 Hz. However,
This simplification cannot be applied to real life, since thethey differ in the Rodin coil geometry, indicating that the gra-
coil construction process follows a pattern determined by thelient differs between both studies.
Rodin numerical map and a variation in the winding gener-
ates a different geometry and, consequently, a significant dif- .
ference in the values of the countryside. The construction o ith some other geometry that generatgs hqmoggnegus fields
an electronic measurement system made it possible to vaI_SUCh as the case of the Helmholtz coil), it is significantly
date the calculated and simulated values of simplified modelg1CreaSGOI by up to 60 [24].

of the actual geometry at specific points in space. The comparison between both cases again highlights the

The characterization of the field based on three modelimportance of characterizing the field generated by the coil
(mathematical model, finite element software model, and exgeometry, to correlate the effect obtained with the physical
perimental model) allows for confirming the vortex nature ofand operating characteristics of the coil.

the magnetic field generated by the Rodin coil. The distribu- . , . .
tion of the field in the space surrounding the models is shown The hypothesis underlying the present workis that the in-

in Fig. 7. This magnetic field distribution is helpful for var- Cr€ase in any tested effect produced by Rodin coil compared

ious applications, so knowing its characteristics allows us td© the Helmholtz coil is because the magnetic field gradient

take advantage of the potential that a magnetic field reprem the case of the Rodin coil is significantly larger than in the
sents. case of the Helmholtz coil.

In the graphs comparison, the vortex nature of the field  The effect of the gradient can be explained by knowing
generated by the Rodin coil is verified, and it is observed thathat a charged particle moves in the presence of a magnetic
there is a similarity between the three stages of the charagield. This principle is applied in the biological field because
terization. Table Il shows a comparison of the value of thethe movement of charges (ions) within the cell along with
magnitude of the magnetic field at the center of the geomethe surrounding environment produces different effects re-
try. lated to its specific function. Therefore, the magnetic field
with a high gradient applied to a cell culture magnifies the
effect produced under homogeneous stimulation conditions.

In general, if the effect of the Rodin coil is compared

6. Discussion
In the case of the geometry proposed in this paper, when

Gradients are an essential factor for the survival of organismgraphing the results, they confirm the vortex nature of the
in their environment; for example, cells present movementnagnetic field, whose effect could be compared with those
according to gradients of different physical variables, suchreported in research articles.
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lation by the finite element method.

A. D. RAMIREZ-GALINDO et al.,

Conclusions

The work can be a guideline for estimating the effect of

magnetic stimulation in cell culture or animal models since

This is the first research work that presents a complete chagne field’s spatial distribution and direction at any point in
acterization of the magnetic field intending to estimate thespace are known in detail.

effect in the biological assay. The mathematical modeling of
the Rodin coil through the expression of the Biot-Savart law
is a core part of the work since the geometric considerationé\cknowledgments
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