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Abstract

The application of magnetic fields is diverse in the many branches
of health care, due to its systemic effect. Particularly in
orthopedics, magnetic fields can be applied in order to achieve
bone consolidation. However, getting a uniform magnetic field
in a useful area, and which is also stable is not an easy task. In
order to obtain a magnetic field with these characteristics, an
arrangement of Helmholtz coils was designed. In this work, the
theoretical development of the device is presented; as well, the
software VIZIMAG is used in order to know the distribution of
the field lines graphically. Another important information
provided in this article is the technical details of the building of
the device, which permits not only the selection of the most
adequate kind of wire, but also provides an excellent guide for
the manufacture of Helmholtz coils, which is difficult to do starting
only with the theoretical data obtained from a book about
electromagnetism

Index terms: magnetic fields, software design, orthopedic use.

Resumen
(Construcción de un campo magnético homogéneo
para aplicaciones ortopédicas)

La aplicación de campos magnéticos es diversa, en muchos
campos del cuidado de la salud, debido a su efecto sistémico.
En particular en ortopedia, es posible lograr la estimulación de
la consolidación ósea. Pero lograr un campo magnético unifor-
me en una área útil y, además, estable no es fácil. Para obtener
el campo magnético se diseñó un arreglo de bobinas Helmholtz.
Se presenta el desarrollo teórico de las mismas y, además, se
dispone del programa VIZIMAG para conocer la distribución
de las líneas de campo, de forma gráfica. Otra información im-
portante que se proporciona en este trabajo, son los detalles
técnicos de construcción, lo cual permite no solo seleccionar
el alambre adecuado, también proporcionan una excelente guía
para la construcción de las bobinas Helmholtz, lo cual es difícil
hacer partiendo solamente de los datos teóricos obtenidos en
un libro de electromagnetismo.

Palabras clave: campos magnéticos, programa de diseño,
uso ortopédico.

1. Introduction

Bone consolidation is, undoubtedly, a very important problem
in the field of orthopedics, mainly if elderly people with expose
fractures or with any kind of pathology as infections or
microvascularity problems are taken into account [1], [2], [3],
[4], [5], just to quote some. Nowadays, in order to treat these
cases, other therapies [6], [7] exist, but unfortunately, very
few are non-invasive and low-cost, so that any person who
need them can have access to them.

With therapeutic electromagnetic radiation [8], [9], [10], [11],
(frequencies 100 Hz, and intensity in the order of 5 mT) there
is a systemic effect [12], [13]: electric fields of the order of 1-
1.5 mV/cm [14] are induced, which orient the bipolar molecular
moments and give origin to ion alternate movements in the
cellular membrane, mainly of calcium, sodium, chloride and
potassium. It is also known that there is an interaction in the
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hormonal activity, in growth factor, cytokines, and an increase
of RNA. As well, cellular differentiation and stimulation of
organic structures are fostered, and among them, bone
consolidation.  This is achieved besides allowing a relaxation
in blood vessels, an increase in the content of blood oxygen,
alkalization of body fluids, a decrease in blood cholesterol, a
reduction of edema, increase in endorphins, muscle relaxation,
among many other well-known effects [15], [16], [17], [18].

2. Development

In order to obtain the magnetic field, a Helmholtz system was
built, whose main characteristic is the capacity to obtain
homogeneous magnetic fields along its axis. The system is
formed by two identical coils located at a distance among
them, equal in their radius r and connected in series, as shown
in figure 1.

The magnetic field between the coils is determined by the
following equation [19], [20]:

(1)

Particularly when considering a point in the center of the axis
of the Helmholtz coils, equation (1) is transformed into (2)

(2)

From (2), for a discrete sequence of points along axis z, it is
obtained the distribution of the field shown in figure 2.

As it is expected that the system can be applied easily, it
was decided to make the coils adjusting the theoretical needs
to the dimensions of modified spools, provided by the
Company TRANSFORM-MEX, see figure 3. The radius of
each coil is 7.5 cm, and the available coiling area is approximately
9.66 cm2, from which 6.5 cm2 were used. The maximum number
of turns was calculated taking into account the calibers of
AWG commercial copper wires, as shown in table 1.

Caliber 17 AWG was decided to be used, because when using
this wire, an acceptable tolerance of 1.5 A with respect to the
one needed is produced (caliber 17 AWG bares 3.1 A maximum,
at 700 circular mil by A. The American Wire Gauge defined
"circular mil" with the internal area of a circle with a
thousandth of an inch diameter, in order to simplify the
calculations, as introducing Π is not necessary), so that coils
can be used for long periods of more than 4 hours
continuously, without the possibility of heating [21].
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Fig. 1. Disposition of coils in order to form a Helmholtz arrangement.
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Fig. 2. Distribution of magnetic field according to (2).
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The total length of magnet wire is l = 630 πφ = 336.47. The total
resistance of the conductor was calculated is:  R = ρ(l/A) =
5.4393 Ω and the measure was 6.35 Ω per coil, where ρ  =
16.78 x10−9 Ω m−1 is the resistivity of copper and A is the
transversal section of the wire. The current which was applied
is 2.2 A and the voltage applied was obtained by means of the
Ohm law and was 30 volts.

When using the software VISIMAG, version 3.1, with the
calculated data, the field lines distribution is obtained for the
proposed Helmholtz coil. A high density of magnetic field
lines (a) is clearly observed in the central part of the coils,
even when a dielectric is located, as it can be a human bone
(b), as shown in figure 4.

In figure 5, the distribution of energy of the magnetic field is
presented with respect to its axis.
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In table 2, the values of the magnetic fields calculated
theoretically and obtained with the software VIZIMAG, are
shown for various point along axis z.

Table 1. Calculations to select the most suitable wire.

AWG

14
16
17
18
20

Área
[cm2]

0.02082
0.01309
0.10380
0.00824
0.00519

Turns

312
497
626
789

1252

Length
[m]

166.7688
265.1990
334.4373
421.5238
668.7201

Resistance
[ΩΩΩΩΩ]

11.80027
4.64788
7.53905
11.6167

28.02606

I maximum
[A]

22.21890
8.60607
5.30571
3.44330
1.42724

I needed
[A]

3.65440
2.29800
1.67200
1.62050
0.91131

I allowed
[A]

5.9
3.7
3.1
2.3
1.5

Fig. 3. Modified spool, dimensions are in cm. Fig. 4. Modified spool, dimensions are in cm.

Z
[cm]

−5
−4
−3
−2
−1

0
1
2
3
4
5

B1
[mT]

6.12
5.52
5.37
5.14
5.02
5.00
5.02
5.19
5.61
5.96
6.48

B2
[mT]

6.29
6.52
6.00
5.63
5.20
5.00
5.12
5.27
5.44
5.85
6.06

B
[mT]

6.205
6.020
5.685
5.385
5.110
5.000
5.070
5.230
5.525
5.905
6.270

B simulated
[mT]

5.74
5.52
5.33
5.16
5.04
5.00
5.04
5.16
5.33
5.52
5.74

B theoretical
[mT]

6.9330
6.3143
5.7592
5.3423
5.0861
5.0000
5.0861
5.3423
5.7592
6.3143
6.9633

Table 2. Experimental, average, simulated and theoretical measurements
of magnetic field.
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In order to measure the magnitude of the magnetic field, a
Gaussmeter Magnet-PhysiK FH54Gauss -/Testameter with a
Hall point of 20 cm was used; B1 is the first measurement,
performed in left-right direction between the coils, and B2
contrariwise in the same conditions. In table 2, the
measurements of field in both directions are shown.

In figure 6, a comparison of the magnetic field (a) obtained
theoretically, and by means of simulation with software
VIZIMAG, and an average of both is presented. A graph of
relative errors between the field measured in several points
and the one obtained by means of simulation is also shown.

As it can be seen in figure 6, there is a difference between the
field measured, the simulated and the theoretical. In table 3,
the errors made with respect to the theoretical data by means
of the percentage relative error are shown.

Fig. 5. (a) Distribution of energy of the magnetic field, and (b) with respect to its axis z.

Fig. 6. Magnetic field obtained theoretically (a), and by means of simulation with software VIZIMAG, and an average of both, (b) graph of relative errors
between the field measured in several points and the one obtained by means of simulation.

Z
[cm]

−5
−4
−3
−2
−1

0
1
2
3
4
5

Measured error
[%]

12.25
4.88
1.28
0.76
0.52
0.00
0.27
2.19
4.26
6.97

11.09

Simulated error
[%]

21.31
14.39
8.05
3.53
0.91
0.40
0.91
3.53
8.05

14.39
21.31

Table 3. Measured and simulated relative errors.
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3. Discussion and conclusions

When using the software VIZIMAG, it was possible to know
graphically the response of the Helmholtz system before
starting its construction, varying the parameters that are
considered of practical interest, as the distance between the
coils or a dielectric located in their axis, where a higher density
of field lines appeared. From these findings, it was possible
to compare the theoretical results with the ones obtained by
means of the software, and with the experimental measures.
This way, it is possible to know the magnitude of the error in
the design, and the way to optimize it, so that both the time of
construction and expenses can be reduced.

In this work, the energy source is not mentioned in detail, but
a source with pulsed voltage can work as well as with
continuous voltage, as in the case presented here.

It is important to mention that by counting with the advice of
a company dedicated to the manufacture of coils and electric
transformers it was possible to take into account the
necessary information for the optimal selection of wire, as
well as for the construction of the coils [22], [23].
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