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A novel system of coils for magnetobiology research
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(Received 29 July 2016; accepted 8 November 2016; published online 29 November 2016)

A novel system of coils for testing in vitro magnetobiological effects was designed, simulated, and
built. Opposite to what is usual, the system generates a controlled gradient of magnetic field. This
feature is introduced to allow the assessment of multiple values of the field in a single experiment. The
apparatus consists of two flattened orthogonal coils, which permit independent control of two of the
spatial components of the field. Geometry of design, combined with the use of a standard multi-well
microplate for cellular culture, allows for simultaneous testing of 96 different field conditions. The
system, intended to increase the efficiency of evaluating biological effects throughout ranges of the
field parameters, was fully characterized injecting DC currents to the coils (i.e., generating static
magnetic fields) in order to assess the spatial distribution of both the field’s and field-gradient’s
components. Temperature load was carefully evaluated and the maximum values of 350 uT and
9 uT/mm (for the field and its gradient) could be generated without excessive heating of the cellular
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cultures. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968200]

. INTRODUCTION

During the last few decades, there has been an ever
increasing interest in the biological effects of static and
extremely low frequency magnetic fields (SMF and ELF-
MF)."* In regards to in vitro experiments, it is to be
noted that the vast majority of ELF-MF studies used field-
generating systems that guaranteed a highly uniform MF.
While Helmholtz coils (HC) have been the classic, most
utilized resource,’” other configurations with even better
performance have also been developed.®® As to SMF, there
have also been studies using homogeneous fields generated
by HC!®!! or superconducting magnets,'>!* but the use of
inhomogeneous fields from permanent magnets has been more
frequent'+ ! (presumably because of their low cost).

Even though the use of a homogeneous field has clear
advantages (i.e., measurement is less difficult and spatial gradi-
ents of the field are null, so there is one less variable to
control/assess), we note here that it also has a disadvantage,
namely, that a single value of the field is evaluated per exper-
iment. Thus, if the aim of the study is to explore the effect
throughout an entire range of, say, the field’s intensity, several
experiments must be performed: one for each of the values to
be tested. While this approach does yield valuable results, it
runs with a risk: missing the observation of significant changes
that could have been observed had a little variation of the
exposure parameters been tested. Indeed, a thorough review of
the literature' shows that there are both abundant experimental
evidence and robust theoretical arguments that demonstrate
that “slight” changes of the field parameters can prevent a
biological effect from being elicited or even induce the oppo-
site one. For instance, in experiments with E. coli bacteria
exposed to SMF, Binhi et al.'” showed that increments of as
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low as 10 uT changed from effect to no-effect and back to
effect but of the opposite sign. This non-linearity and non-
monotonicity (i.e., the existence of amplitude windows)'®!”
make it desirable to conduct experiments that would screen
throughout a range of the field intensity rather than evaluating
a sharply defined, single value. Permanent magnets could be a
solution, since they provide with a range of fields distributed
in space; however, there is no control of the field intensity or
of the way fields fade away from the magnet. Hence, it would
be convenient to use a field-generating system that would
generate a controlled gradient of magnetic field.

As a step in this direction, we designed, simulated, built,
and fully characterized with DC currents (i.e., generating
SMF), a system of coils that, upon combination with a standard
96 well microplate for cellular culture (Costar 3599, CORN-
ING, Corning, NY), allows for testing multiple field exposures
in a single experiment.

Il. SYSTEM DESIGN AND SIMULATION
A. Mechanical and electrical details

The device presented here consists of two flattened orthog-
onal coils according to the schematics of Figures 1(a)-1(c),
while Figure 1(d) is a photo of the realization of the system.

Both coils have an air core and are wound around custom-
made polyvinyl chloride (PVC) supports that are themselves
rigidly mounted onto an acrylic base 8 mm thick. The base
has holes of 6 mm diameter every 20 mm all throughout its
surface, in a square grid (see Fig. 1(d)), which allow better air
flow inside an incubator. All screws and bolts are of bronze,
i.e., non-ferromagnetic, in order to prevent their magnetization
with time and the concurrent distortion of the generated fields.
An acrylic shelf is mounted so cells in a standard 96 well
microplate are effectively positioned within a millimeter of the
plane of symmetry of the system. An acrylic frame is fixed onto
the shelf so that the microplate is located precisely (within less

Published by AIP Publishing.
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FIG. 1. (a)-(c): Dimensions and relative position of the two coils (all in mm).
(d): A photo of the system, where the multi-well microplate, the acrylic base,
shelf for the microplate, the positioning frame (exactly on top of the shelf),
and the bronze screws and bolts can be seen.

than a millimeter error) at the same position with respect to
the coils in different experiments: this positioning frame is of
paramount importance since fields are highly inhomogeneous
(both the ones generated by the coils and the ones intrinsic to
incubators®’). A few millimeters displacement from an exper-
iment to another, attempting a replication, may yield different
results.

Both coils were built with N = 40 windings of a copper
wire 1.450 mm in diameter (AWG 15). Resistance and induc-
tance of the coils were measured with an LCR-916 impedance
meter (GW Instek, New Taipei City, Taiwan) using a testing
frequency of 100 Hz: Ry =R, =0.3 Q, L; = 0.43 mH, and
L, = 0.30 mH.

Although the system presented here somewhat resembles
that of a US patent,?! both systems show important differences.
(1) The system by Kaufman et al. consists of two orthogonal
coils with a rectangular shape (not oblong), with similar height
and width, in the order of 1 m; also, unlike the flattened coils
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in this work, they are centered: each lies on one of the planes
of symmetry of the other. (2) Their coils are designed for
the transmission of homogeneous radiofrequency fields, not
a controlled gradient of the magnetic field (MF). (3) Their
invention is intended for magnetic resonance imaging, not
in vitro experiments. Therefore, to the best of this author’s
knowledge, no system similar to the one presented here has
been reported before.

B. Computational details

The MF at each of the locations in which a field measure-
ment was done (see below) was computed by the Biot-Savart
law (implemented in a custom code written in Python).
Figure 2(a) shows the three-dimensional model of the two
coils used to simulate the field generated by the device, in
which dimensions are exactly those of the schematics in
Figure 1. Each coil was represented by N = 40 oblong loops
(corresponding to the 40 windings of the cooper wire that
make up each coil), each of which was formed by two straight
and parallel lines connected to each other by two half-circular
arches with opposite, facing concavities. In term, each of these
40 loops was discretized into 160 nodes, where each node had
a vector nature and represented a discrete version of a current
differential. This degree of discretization (160 nodes per loop)
yielded a convergence better than 0.1 uT for the integrated
fields.

Naturally, the fine details of the result of the simulation
depend on the exact location of the loops of current in space.

PVC 40 suport 40
support ‘
o
© — $ee
NT < i_l» 25

FIG. 2. (a): Three-dimensional model of the two coils; each coil is repre-
sented by N = 40 oblong loops, each of which is discretized into 160 nodes.
Each node has a vector nature and represents a “current differential.”” Ulti-
mately, the magnetic field is computed by the Biot-Savart law by integrating
(adding) the contributions of all of the nodes, from all of the loops. (b) and
(c): Exact position of the 40 loops of current for coils 2 and 1, respectively,
with respect to their PVC supports.
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Here, the exact positions of the loops within the PVC sup-
ports, which entered the model exclusively by defining the
region of space inside which the loops of currents had to be,
were adjusted (by trial and error) to better approximate the
experimental measurements. These locations are specified in
Figures 2(b) and 2(c) (coils 2 and 1, respectively). It is clear
that the current loops were not centered inside their respective
PVC supports. This is justified on the basis that a close inspec-
tion of the actual device shows that the windings of the copper
wire were, indeed, not perfectly centered. Moreover, it should
be noted that the actual coils are not perfect, parallel loops, but
imperfect single (continuous) spirals in space. Thus, a perfect
match between simulation and measurements should not be
expected. In spite of this, we show below that an acceptable
agreement was reached.

lll. SYSTEM PERFORMANCE
A. B-field measurement

Due to the field’s gradient, it is clear that a single measure-
ment of it at some point of space would be insufficient. Instead,
a two-dimensional map of the field must be assessed exactly
at the height at which the cells will be resting during the
experiments. To this end, the field intensity in the 3 direc-
tions of space (X, y, z) was measured with an HCM5883L
3-axis magnetometer (Honeywell, New Jersey, NY) connected
to a personal computer (PC) through an Arduino Leonardo
board.?” The magnetometer package dimensions are 3.0 x 3.0
x 0.9 mm (so the sensors themselves are even smaller, which
makes them appropriate for the 4 X 4 mm grid that was cho-
sen for assessing the field maps in this work) and has a
field resolution of 0.2 uT. The magnetometer was calibrated
using a 300 mm diameter Helmholtz coil (Model TG-13,
UCHIDA, Tokyo, Japan) with a field generating factor of
7.80 x 107* T/A, injected with current from a programmable
DC power supply (Rigol DP1308A, Beaverton, OR) with a
ripple lesser than 500 pA . The magnetometer was manually
placed on each of the points of a 4 x4 mm grid (i.e., a map
of 120 X 80 mm contains 31 x 21 = 651 pixels, with three
readings per pixel: By, By, B,) printed on a sheet of paper
and taped to a 3 mm thick acrylic piece placed on top of the
shelf. Thus, measurements were made at the level the cells
would rest. The magnetometer sent the three components of
the MF (B, By, B,) sequentially to the PC, so that three maps
are measured at once: one for each component of the field.
For convenience, the intensity of the field |B| = (B, + By2
+ B,?)!/2 was calculated from the measured components and
is also plotted in the next figures.

B. Background field

Before currents were injected to the coils the background
field was measured. Care was taken not to have ferromagnetic
objects or structures within approximately 1 m from the place
all measurements were carried out. Figure 3 shows the average
of 5 measurements of the background field. It can be seen that
all values of the field intensity |B| are approximately between
22 uT and 24 uT. This is in excellent agreement with the value
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FIG. 3. The three components (Bx, By, B,) and the total intensity (|B|) of the
background field (average of five measurements), mostly due to the Earth’s
magnetic field.

of 23.2629 uT for the Earth MF that the National Centers for
Environmental Information®? estimate when the coordinates of
the city of San Luis, Argentina (33.27 S 66.35 W, 709 m above
sea level), where the measurements took place, are plucked
into their geomagnetic models (for 15 December 2015). It
is noted that even though the background homogeneity was
around 95%, in order not to lose accuracy unnecessarily, its
subtraction from the measurements of the energized coils was
performed pixel-by-pixel. It is worth mentioning here that a
detailed knowledge of the background is of paramount impor-
tance, since it could be the cause of failure to reproduce exper-
iments otherwise “identical.”

While all the measurements in this work were done
outside an incubator, in a concrete experiment with cellular
cultures the background to be measured ought to be that inside
the incubator, precisely throughout the region of the incubator
at which the cell cultures will be placed. Inhomogeneities
had been proven to be significant between locations just a
few centimeters away.’” This fact poses a profound question
regarding the comparability of experiments in which the back-
ground fields were not adequately assessed.’*

C. Generated B-field

Figure 4 shows the field resulting from injecting 1 A of
DC current to coil 1 (Fig. 4(a)) and to coil 2 (Fig. 4(b)). It
is important to notice that first, the map of the background
field was measured (five times, with both coils unenergized,
see Fig. 3). Next, the fields injecting 1 A were measured (also,
five times), and finally, what is shown in Figure 4 is the result
of subtracting the average background from the average fields
measured with the coils energized. It can be seen that the field
generated by a coil is almost entirely perpendicular to it, but
as the distance increases, the other components turn up non-
negligible. The white circles overlapping on top of the field
total intensity (|B|) indicate the (X, y)-position of the wells of
a 96 well microplate.
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FIG. 4. Measured magnetic fields with 1 A injected to coil 1 (a), coil 2 (b),
and their vector addition (c). (d): Field gradient strength, [VB|, and principal
components, VxB (due to coil 2) and VB (due to coil 1). Wells’ positions of
a 96 well microplate are indicated by the white circles.
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Figure 4(c) shows the vector addition of the fields gener-
ated by the two coils. When both coils are energized (Fig. 4(c)),
it is clear that the total field is not perpendicular to either
of the coils. Tables S1-S3 (supplementary material) show
values of the field components and total intensity for the three
cases: only coil 1 energized, only coil 2 energized, and both
coils energized, respectively. The most relevant field gradient
components were calculated as (B;; — Bi_y,j)/4 mm and (Bj;
- Bjj-1)/4 mm for V,B (coil 2) and V,B (coil 1), respec-
tively. When both coils are energized, the total gradient inten-
sity, [VB| = [(VxB)? + (V,B)?]'/2, becomes that of Figure 4(d)
(Table S4, supplementary material).

In Figure 5(a), the strength of the fields of Figures 4(a)
and 4(b) is re-plotted but in a three dimensional (3D) plot,
while Figure 5(b) shows the net field intensity upon energizing
both coils (Fig. 4(c)). Figures 5(c) and 5(d) show the main
field gradient components and the gradient intensity, respec-
tively (Fig. 4(d)). Here, it is to be noted that being a discrete
derivative, the experimental computation of the gradient yields
rather “noisy” surfaces; this could be enhanced by averaging
a greater number of measurements and by measuring with a
greater spatial resolution. Figures 5(e)-5(h) are the simulated
versions of Figures 5(a)-5(d), respectively: a good qualitative
agreement is evident (here, the simulations of the gradients
do not show the “noise” present in the measurements, as ex-
pected). In Figures 6(a) and 6(b), cuts of the fields for x = 0 mm
and y = 0 mm, respectively, illustrate how for a row or for a col-
umn of wells one of the fields is almost constant and the other
changes substantially. Figures 6(c) and 6(d) show cuts of the
MF gradient for x = 0 mm and y = O mm. In Figures 6(a)-6(d),
the continuous lines correspond to the simulated fields while
the symbols correspond to the actual measurements: an agree-
ment is achieved within ~25% or less (depending on the point
chosen to compare). In order to appreciate the inhomogeneity
of the field also at the end-sides of the microplate, Figures 6(e)
and 6(f) show the main components (Bjy and By,) and the
total intensity (|B|) for x = £60 mm and for y = +40 mm,
respectively (data for x = 0 mm and y = 0 mm are same as
in Figures 6(a) and 6(b) but are plotted again for compar-
ison purposes). While for the sake of clarity no error bars or
continuous simulation curves were plotted in Figures 6(e) and
6(f), the complete sets of data can be found in Fig. S1 of the
supplementary material.

D. Temperature load

Given that coils’ resistances are R; = R, = 0.3 Q (and
that the inductive part of the complex impedance does not
produce heating), the total Joule effect (PR, where I is the
current) upon injection of 1 A to both coils is 0.6 W. Besides
knowing this heating power, it is critical to measure the actual
increment of the temperature the cultures will be exposed to
during operation of the system. This elevation is determined by
a complex heat flow due to air convection inside the incubator
and ultimately heat conduction from humid air to cell media
(both directly through their interface and through the mi-
croplate acrylic material). Furthermore, it should be expected
that the temperature load will be different for different wells:
the closest ones to the coils being the ones facing the highest
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loads. In order to test this thermal stress, measurements of
the temperature were done at wells A1 (worst case scenario),
A7, and El. The temperature elevation course was evalu-
ated using an LM53 precision centigrade temperature sensor
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FIG. 5. (a): Measured field strength of the two coils (|B;| and |B,|) injected with 1 A (average over five measurements) are plotted together. (b): Vector addition
of the fields (|BJ) plotted in (a). (c): Field gradient main components (VB and VyB) and (d): Intensity of their vector addition |VB]. (e)-(h): Simulated versions

(Texas Instruments, Dallas, TX) located inside the tested well,
which was filled with water to better mimic the situation of
an experiment with cells. In this regard, the exact thermal
response of diverse culture media could differ among each
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other and from that of water. Hence, experimenters should
test temperature loads using the exact culture media that will
be used in their experiments. The microplate (with its lid on)
was positioned in the apparatus with the coils unenergized,
inside an incubator set at 37 °C and with a high humidity,
and the whole system was left to thermalize for several hours.
Next, 1 A DC current was injected to both coils (connected in
series). Measurements were taken automatically every 10 min
with a 6Y2 digital multimeter Agilent 34410A (Agilent, Santa
Clara, CA) connected to a PC, for up to 8 h. Figure 7 shows
the time course of temperature (the current was turned on at
time = 1 h).

Since measurements were done in subsequent days
and the incubator was opened and closed after each curve
acquisition (for repositioning the sensor), it is natural that

the initial baseline-temperature was not identical for all
the curves. Temperature elevations (A) were found to be:
AAI(I A) ™~ 0.65 oC, AA7(1 A) ™~ 0.47 OC, and AEI(I A) "~ 0.42 OC;
and Aaj.6 ) ~ 0.21°C. Now, considering that a typical
temperature uniformity deviation (in space) inside a commer-
cial cell culture CO; incubator is +0.25 °C (Panasonic MCO-
18AC, Wood Dale, IL), the recorded temperature elevations
for 1 A are to be considered excessive. However, injecting
0.6 A to both coils yields an acceptable temperature load, and
so the system should only be used with currents up to this
value. In this regard, it is appropriate to remember here that
increasing the number of windings (N) of the coils improves
the field generation to Joule effect ratio. For example, if N is
doubled (N — 2N), then the necessary current to produce a
certain field will be divided by 2 (I — 1/2), while the resistance
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wells A1, A7, and E1 highlighted.

will double (R — 2R). Hence, the heating power will divide
by 2: I’R — (I/2)*(2R) = (I’R)/2.

Tables S1 to S4 (supplementary material) show represen-
tative values for a current of 1 A, so they can easily be scaled
multiplying them by the current used in each experiment. For
the maximum acceptable current of 0.6 A (injected to both
coils), the generated fields would be in the range of ~350 uT
(A1) to ~43 uT (H12). The maximum field gradient for 0.6 A
happens at A3 and is of 9 uT/mm.

IV. DISCUSSION

Firstly, it should be clear what is the main contribution
intended with the present work: to present an apparatus that
could sensibly accelerate exploration of in vitro bioeffects in
magnetobiology. This is so because different fields could be
evaluated almost 100 times (96, to be exact) faster than evalu-
ating one by one in standard, homogeneous field experiments.
Besides this key feature, advantages and disadvantages are
discussed next.

Upon a little analysis, it becomes clear that any system of
coils that would produce an inhomogeneous field throughout
the surface of a multi-well microplate would allow the simul-
taneous study of arange of field intensities. However, provided
only one of the coils is energized, the proposed design presents
the advantage of producing isolines of fields parallel to the
rows (or the columns). In that way, statistics will be more
robust since, for instance, if only coil 1 is energized, then each
field value will be tested in 12 wells. While this is clearly not
equivalent to performing 12 repeats of the experiment, it does
reinforce statistics. In case of injecting currents to both coils,
that statistical gain is lost in exchange of evaluating many more
different field intensities per experiment.

The measured field gradients deserve some special atten-
tion, since they reach values as high as ~17.5 yT/mm (close
to row A of the microplate, Fig. 6(c)). Now, considering that a
well’s diameter in a 96 microplate is 6.35 mm, the measured
gradient of 17.5 uT/mm implies a difference greater than
110 uT (~17.5 uT/mm x 6.35 mm) between the fields affect-
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ing cells lying in the upper (proximal) and lower (distal) edges
of the same well. Although this variability within each of the
wells decreases towards well H12, it should be taken into
account at the time of interpreting results. For instance, if
positive findings were found along, say, row A, it would be
desirable to repeat the experiment injecting a greater current,
so that the range of fields present in the wells of row A in
the first experiment would now be spread throughout more
rows (say, C through E). Complementary, experiments using
homogeneous fields (no gradient at all) would clear doubts
about the causal origin (field intensity and/or gradient) of the
observed effects.

In regards to the possible number of wells of the
microplate, standard quantities are 6 (2 X 3), 24 (4 X 6), 96
(8 x 12, the one used in this work), 384 (16 x 24), and 1536
(32 x 48). The advantage of increasing the number of wells
is to increase the spatial resolution of experiments and to
reduce the variation of the field within each well. However, it
is technically more cumbersome to deal with a greater number
of wells, and biological variability can become a problem (out
of growing a smaller number of cells per well). Also, it must be
taken into account that using microplates with a low number
of wells (say, 6 or 24) implies that there will be even more
important variations of the field inside each well. This could
imply different degrees of biological effects (or even different
biological effects) inside the same well, information that would
be lost if the utilized bioeffect essay does not allow for spatial
resolution. An interesting possibility in this respect is the well
area scanning feature of the Epoch microplate spectrometer
(Biotek, Winooski, VT). For instance, this feature could be
used for quantifying cell viability with spatial resolution
within each well. It is worth noting that microplates with
fewer wells (and consequently bigger ones) would allow
experiments with small model animals such as C. elegans>~2’
and Planarians'®?® where, we emphasize, the interpretation of
any finding should take into careful consideration the non-
negligible field variations within each well.

As an example of the use of the apparatus, the experiments
by Binhi ez al.'” on E. coli, with SMF between 0 and 110 uT,
could be further developed: By injecting 0.6 A to both coils,
the same bioeffect could be tested with fields between ~350 uT
(Al) and ~43 uT (H12) (Table S3, supplementary material),
partially overlapping (range from 43 uT to 110 uT) but further
exploring their results (range from 110 uT to 350 uT). We
emphasize here that the exploration of the whole range would
be done in a single experiment.

Of note, is that injecting a 0.2 A current to coil 2, fields
between ~91 uT (column 1) and ~12.6 uT (column 12, Table
S2, supplementary material) could be generated. These values
are of particular interest, since they include the whole range
for the geomagnetic field (23 uT-65 uT). Hence, geomagnetic
conditions for the whole globe can be roughly reproduced in
a single microplate, during a single experiment. However, it
should be noticed that not only field intensities, but also field
directions will vary throughout the microplate when both coils
are energized.

In any case, when conducting experiments with the appa-
ratus, the Earth’s MF and the incubator’s background® field
must be taken into consideration. Further, it will be important
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that a sufficient number of repeats be performed in order to
have a proper statistical power that would account for vari-
ability within cell culture work. These repeats, coupled with
as many as 96 separate wells, will create a considerable bulk
of data, potentially posing a handling and analysis problem.
Therefore, before the biological work is undertaken, the statis-
tical tools to be used should be carefully examined and their
statistical power estimated (more than the conventional min-
imum of 3 repeats could well be needed if the power is to
become adequate).

Given that field gradients in the apparatus are not zero, if
a bioeffect was observed, complementary experiments using
homogeneous fields would be highly desirable in order to
determine whether the effect is due to the field intensity, its
gradient, or the combination of both.

Due to the fact that intensities in the range of mT are
of interest in magnetobiology, and that the maximum inten-
sity reachable by the presented device—without producing
excessive temperature loads—is of 350 uT, discussion of a
possible upgrade is in order. The starting point here is the
highest acceptable power dissipation. Above, in Sec. III D, it
was shown that 0.6 A is the highest acceptable current, which
implies a power dissipation of 216 mW (total resistance R;
= 0,6 Q). Simple calculations yield that with N = 300 turns
and [ = 0.22 A, Rg=4.5 Q, P =218 mW, and the generated
field is greater than the one generated here (350 uT) by a
factor of 2.75: (300 turns/40 turns) x (0.22 A/0.6 A); yielding
a field Byax ~ 963 uT. Alternatively, a thicker wire (hence,
lower resistance per unit length) could be used in order to
reduce the number of turns. For instance, N = 200 of AWG
12 wire (~2 mm diameter) along with I =0.35 A yield P
=207 mW and By,,x ~ 1020 uT. In any case, it should be
noticed that accommodating hundreds of turns would demand
changing the dimensions of the coils, which in turn would
change the exact field distribution in space. Therefore, it is
recommended to (a) run simulations of any new design before
actually building it, and (b), once the system is built, to mea-
sure the actual temperature load in the most compromised
wells of the microplate.

Another aspect to bear in mind in a possible upgrade of the
device is that, given the fact that a magnetobiological effect
could depend on the direction of the field, it is desirable to
minimize B,. While it was shown that By ~ By > B, holds for
the presented device, such condition could be further improved
by simply enlarging the coils’ dimensions (the chamber of the
CO; incubator—provided one is used—will of course set the
size limit).

Finally, it must be mentioned that (just as with any coil or
system of coils) not only DC currents, but also alternate cur-
rents (AC) could be injected into the apparatus, thus producing
AC magnetic fields. It is clear that the use of pure AC or the
combination of DC and AC currents would greatly expand the
possible field combinations to produce with the device.

V. CONCLUSION

A system consisting of two coils was designed, simulated,
built, and fully characterized with DC currents. To the best
of the author’s knowledge, the presented configuration of two
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flattened orthogonal coils for in vitro experiments in magne-
tobiology has not been published elsewhere before. The novel
apparatus presents the main advantage of allowing the testing
of multiple field exposures in a single experiment, sensibly
increasing the efficiency of a research program that would be
interested in exploring a range (instead of a single value) of
the field’s parameters. Moreover, a concrete experiment was
proposed to further investigate results found in the literature.
The system does present the disadvantage of producing field
gradients, whose bio-effects (if any) turn out, a priori, indis-
tinguishable from those of the field intensity. Therefore, the
presented system produces a valuable tool for in vitro magne-
tobiology research that, nevertheless, would certainly benefit
from combining with already well-known homogeneous-field
generating devices in order to separate the “intensity” and
“gradient” variables.

SUPPLEMENTARY MATERIAL

See supplementary material for tables of magnetic field
and magnetic field gradients.
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