


formation nor the potential improvement in the quality of the
frozen product has yet been totally clarified.

Water is a dipolar molecule and, therefore, when subjected
to an electric field (EF), molecules are oriented, lining up their
molecular dipoles along the direction of the field. This well-
known effect could be a solid starting point to explain the
effects of EFs on water freezing. However, things get a little
more complicated when looking for arguments to explain the
potential effects of magnetic fields (MFs) on water freezing.
Water has no net magnetic moment. When subjected to an
external MF, the orbital motion of electrons is altered in such
a way that the induced magnetic moments oppose the external
field andwater is, therefore, a diamagnetic substance. Themag-
netic susceptibility of water, that is, its magnetic response to the
applied MF, is rather low (χv = −9.035 × 10 6) and, therefore,
little effects of weak MFs must be expected on water.

It is, therefore, in some way striking that, nowadays, the
only electromagnetic freezers existing at the market are those
that generate magnetic fields, and not EFs, to assist the freez-
ing process. This has happened even though the effectivity of
MFs in improving freezing has not yet been proved. Several
companies have patented and/or marketed freezers that apply
different types of MFs to tentatively improve the quality of
frozen food. Such is the case of ABI Co., Ltd. (Chiba, Japan)
that sells BCAS (Cells Alive System) freezers^ that combine
static and oscillating MFs. On the other hand, Ryoho Freeze
Systems Co., Ltd. (Nara, Japan) commercializes BProton
freezers^ that use static MFs and EM waves [1, 50]. These
innovative freezers actually consist of a MF generator at-
tached to a conventional quick-freezing unit. Additionally, in
Proton freezers, an EM wave generator is also added.
Depending on the application, the MF or the EM waves may
be ceased after certain Bsupercooling period^ to quickly in-
duce the immediate freezing of the product, or they may be
kept throughout the whole preservation period for a better
control of the crystallization mechanism [41]. Many videos
that publicize the benefits of both CAS and Proton freezers
can be found on the Internet [37]. According to commercial
advertisements, both CAS and Proton freezers are able to gen-
erate tiny ice crystals throughout the whole frozen product.
Besides, they are claimed to prevent cell destruction and pre-
serve the quality of fresh products intact after thawing [1, 17].
Consequently, many food processors, restaurants, hotels, hos-
pitals, and research centers, not only in Japan but also all over
the world [19, 23], have acquired these magnetic freezers.
Different food products such as fish (tuna, salmon, or cod,
among others), sea urchin, shrimps, sashimi grade seafood
and sushi, meat (Wagyu beef, Sufflok lamb, or duck, for ex-
ample), foie gras, fruits (green mango, lychee, and so on),
delicate doughs, and milk products are nowadays magnetical-
ly frozen and commercialized as superior-quality food prod-
ucts. Freezing temperatures in magnetic freezers are usually
very low (− 60 °C and lower) and many doubts exist about the

real responsible for the improved results: these low tempera-
tures or the magnetic fields applied.

Freezers with coupled EFs have also been developed but
only at lab-scale. Perhaps the multiple difficulties involved in
implementing EFs at industrial scale are the reason of the lack
of this type of commercial freezers. Phenomena such as
sparks, electric arcs, and corona discharges must be avoided
and this implies restrictions on the voltage applied, the dis-
tance between electrodes, and their characteristics. The elec-
trodes should have preferably parallel surfaces and they must
be sufficiently polished to prevent the rise of charge density
which can appear at protruding parts. Moreover, rough points
can enhance corona discharges, that is, the ionization of air
around the charged electrode surfaces [10]. According to
Dalvi-Isfahan et al. [9], the distance between electrodes
should be smaller than their diameter. Thus, in EF-freezing
scientific works, electrode separation ranges between
0.3 mm [15] and 20 mm [60]. This small distance obviously
limits the dimensions of the products to be frozen. For the EF
generation, the electrode plates can be immersed directly into
the product [14, 15, 43] or they can be positioned external to
the sample. In this case, to avoid current across the product,
the sample should not be in contact with the electrodes, so the
practical distance is still more reduced. In many cases, high
voltages, in the order of kV, are employed and the condensa-
tion of water or the deposit of frost on the surfaces between
parts which should be isolated could cause safety problems.
Thus, in industrial designs, the circuit generating the EF
should be provided with a switching device to cut off the high
voltage supply when users open the freezer door [24].
Moreover, users should be prevented from touching surfaces
at different potential to avoid any electrical risk. All these
problems and technical difficulties could be the cause of the
current lack of commercial EF freezers.

This paper presents a comprehensive review of the state of
the art in electromagnetic freezing. Even though current com-
mercial equipment uses both static and oscillating MF gener-
ators and EM waves, in the present paper, we will leave aside
the employment of EM waves and only focus on MFs.
Moreover, as varying electric and magnetic fields are closely
linked, static and oscillating EFs are also presented. Special
attention is paid to the frequency of oscillating fields which
could play a main role in improving freezing kinetics.

The Physical Basis of Electromagnetic
Freezing

Freezing is a well-known process that takes place in three key
steps: precooling, phase transition, and tempering. Freezing
kinetics strongly affects the size and shape of the ice crystals
formed and, consequently, the quality of the frozen products.
As stated in the introduction, the ultimate aim is to generate



small ice crystals, evenly distributed throughout the product,
that produce negligible damage on it. A proved strategy to
generate small ice crystals is to induce large supercooling in
the product to be frozen. In fact, the interest of applying elec-
tric and/or magnetic fields during freezing just lies in their
potential to maintain the product unfrozen, that is, in a
supercooled state at a temperature below its freezing point. It
is well-known that the larger the degree of supercooling (dif-
ference between freezing and nucleation temperatures), the
larger the amount of ice instantaneously formed at nucleation.
Thus, as the nucleation temperature descends, the ice nucle-
ation rate increases around tenfold per each °C [7] and, con-
sequently, the phase transition time is reduced. Both high nu-
cleation rates and short phase transition times are key require-
ments to obtain small and uniformly distributed ice crystals
throughout the whole volume of the frozen product [65]. It is
admitted that small ice crystals reduce cellular damage and
quality losses in frozen products [45, 65]. So, if the application
of EMFs during freezing was effective in increasing
supercooling, injury produced in electromagnetically frozen
products would be reduced compared to that caused by tradi-
tional methods.

The physical basis of electric field-assisted freezing seems to
be much clearer than that of magnetic field-assisted freezing.
The dipolar character of water can explain why EFs can align
water molecules in the direction of the field. Theoretically, static
electric fields (SEFs) can strengthen hydrogen bonds parallel to
the field [58] and this would reduce the extent of supercooling
needed to initiate nucleation. Consequently, fewer ice nuclei
would be instantaneously formed and longer phase transition
times and largest ice crystals should be expected. Even though
some specific processes such as lyophilization can find benefits
from large ice crystals, in general terms, SEFs would have
negative consequences on most freezing applications.
However, when oscillating electric fields (OEFs) are applied,
water molecules are continuously vibrating to align the contin-
uously changing direction of the field. This continuous vibra-
tion will hinder ice nucleation and, therefore, large degrees of
supercooling and their associated benefits could be attained.

Now, the remaining question is: how can MFs affect ice nu-
cleation? The published patents claim that the application of
MFs during freezing causes a reorientation of the electronic
and nuclear spins of the water molecules in the sample to be
frozen [41]. It is argued that the application of MFs induces
forces of magnetic vibration in the water molecules, which in-
hibits the early formation of ice crystals and their growth even at
very low temperatures. Consequently, water crystallization of the
food could be deferred and a high degree of supercooling
attained [12]. However, none of these arguments have been sci-
entifically proved. As established in the introduction, water is a
diamagnetic substance of lowmagnetic susceptibility and, there-
fore, weak MFs, as those usually employed in commercial MF-
freezing systems, should have little effect on water molecules.

Many authors in the literature have performed different
experiments to tentatively show the potential effects of electric
and magnetic fields on freezing. However, as stressed by
Otero et al. [37], many obstacles associated with the freezing
process hamper the experimental work. Among them, the sto-
chastic nature of the heterogeneous nucleation of supercooled
water is, with no doubt, one of the main causes of the contro-
versial results frequently found in the literature. Even when all
the factors involved in the tendency of a system to supercool
(sample size, impurities, type and surface of the container,
temperature, cooling rate, and so on) are carefully controlled,
different degrees of supercooling occur in repeated experi-
ments. This makes it necessary to perform an adequate exper-
imental design, with enough number of repeated experiments,
and a rigorous statistical analysis before drawing valid con-
clusions. However, in many published papers, neither the ex-
perimental design nor the statistical analysis is presented and
this casts doubts on the validity of the reported results.
Moreover, when freezing experiments are performed in bio-
materials, such as food or biological specimens, their inherent
variability also hampers the reproducibility and replicability
of the experimental conditions and, therefore, this variability
must be considered before drawing premature conclusions.
Finally, other difficulties directly associated to electric and
magnetic fields must also be taken into account. Thus, some
factors such as impurities in the sample or spatial electric and/
or magnetic gradients throughout the product should not be
neglected [37, 39].

Application of Static Electric and Magnetic
Fields for Freezing

Static fields are defined by the field strength and, therefore,
when searching on the effects of static fields on freezing,
critical strength values, able to affect supercooling, are sought.
However, the results reported in the literature for both SEFs
and static magnetic fields (SMFs) are controversial and, some-
times, they do not apparently agree with the expected physics.

According to theory,Wei et al. [60] observed a rise of 1.6 °C
in the nucleation temperature of water when freezing under a
105-V/m SEF. However, they recognized that this SEF strength
was lower than 1.5 · 107 V/m, the critical value predicted by
molecular dynamics simulation to induce significant effects on
the nucleation of pure water [53, 57, 58]. Hozumi et al. [15] and
Hozumi et al. [14] also observed an increase in the nucleation
temperature when they froze pure water while applying SEF
strengths lower than that critical value, namely, 1.7 · 105 and 4 ·
105 V/m. On the contrary, Stan et al. [54] did not find any
significant effect on the nucleation temperature of pure water
when frozen under a 1.6 · 105-V/m SEF. Another more puz-
zling discovery is reported by Xanthakis et al. [62] who froze
pork tenderloin subjected to a 6 · 106-V/m SEF. Even though,



according to theory, the applied SEF reduced supercooling pre-
vious to ice nucleation, the ice crystals formedwere significant-
ly smaller than those without SEF. Accordingly, Dalvi-Isfahan
et al. [9], working with even a weaker SEF (5.8 · 104 V/m),
obtained an improvement in the quality of frozen lamb meat.
Similarly, Jia et al. [21] applied several SEFs, of up to 2.5 ·
105 V/m, during the freezing of pork tenderloin and found a
shorter phase transition time at 1.0 · 105 V/m. At this condition,
pH of the samples was not significantly altered and color
changes were smaller than those observed in conventionally
frozen controls. Therefore, the authors concluded that SEF ap-
plied during freezing improved food quality.

Concerning SMFs, there exist a number of papers in the
literature that analyze their effect on freezing kinetics of sys-
tems of different complexity, from pure water to real foods and
biological specimens. The range of SMF strengths employed in
these studies covers four orders of magnitude, from decimals to
hundreds of mT (Fig. 1). However, no clear conclusions can be
drawn from these studies because results are apparently contra-
dictory, even for the simplest system, that is, pure water.

Thus, Zhou et al. [68] froze water under SMFs at relatively
low strengths, up to 5.95 mT, and noticed that supercooling
increased with the SMF strength. In contrast, Aleksandrov
et al. [2], who worked with considerably stronger SMFs (71–
505mT), noted a reduction inwater supercoolingwhen increas-
ing the SMF strength. On the other hand, Zhao et al. [66] did
not detect any SMF effect (0–43.5 mT) either on supercooling
or on the phase transition time for deionized water.
Accordingly, Otero et al. [39] froze 10 mL pure water samples
between two magnets, either in attractive (107–359 mT) or in
repulsive (0–241 mT) position, and found no effect of the SMF

on the time at which nucleation occurred, the extent of
supercooling, and the phase transition and total freezing times.

Some authors claim that, even though relatively weak
SMFs have no direct effects on freezing kinetics of pure water,
these SMFs can still affect freezing of food and biological
products by altering other product components and/or their
interactions with water molecules. Thus, unlike how it oc-
curred in pure water, Zhao et al. [66] reported that SMFs of
up to 43.5 mT increased the nucleation temperature of 5%
ethylene glycol solutions. The authors attributed this effect
to a reinforcement of the hydrogen bonds of the ethylene
glycol molecules. Moreover, they observed that SMFs in-
creased supercooling and shortened the phase transition time
of 5 mL 0.9% NaCl solutions, which they ascribed to an en-
hanced mobility of Na+ and Cl ions. Nevertheless, their re-
sults for NaCl solutions differ in part from those given byMok
et al. [33] who froze 2 mL 0.9% NaCl samples disposed be-
tween two neodymiummagnets. These authors introduced the
direction of the MF forces as a new parameter which might
play a relevant role in the freezing process. Depending on the
magnets arrangement, the phase transition time increased by
17% (480mT, unlikemagnet poles faced each other: attractive
position) or reduced by 32% (50 mT, like magnet poles faced
each other: repulsive position) compared to the control.
Nevertheless, in an attempt to reproduce such results, Otero
et al. [39] froze 0.9% NaCl solutions between two magnets in
attractive (107–359 mT) or in repulsive (0–241 mT) positions
and found no effects of SMFs on freezing kinetics.

Studies on the effect of SMFs on freezing kinetics of com-
plex systems are especially scarce. Lou et al. [30] froze carps
with very low SMFs (0.36, 0.72, and 1.08 mT) and,

Fig. 1 Static and oscillating
magnetic field strengths and
frequencies employed in patents
and scientific works on magnetic
freezing. Red: patents; blue:
papers on water and model
systems; green: papers on food;
orange: papers on biological
materials



surprisingly, they achieved shorter freezing plateaux and total
freezing times than in control experiments with no SMF ap-
plication. Moreover, there exist a number of interesting papers
that, although not focused on freezing kinetics, study the ef-
fects of SMFs on cryopreservation of biological specimens. In
these experiments, relatively strong SMFs of 200, 400, and
800 mT were successfully employed to increase the survival
rate of erythrocytes [27, 28] and dental pulp stem cells [29].
The authors suggested that these benefits are not due to a
direct effect of SMFs on water molecules, but on phospho-
lipids that exhibit a highly diamagnetic anisotropic suscepti-
bility. According to the authors, the phospholipids in the cell
membranes could be oriented by the torque of the SMF force
and this reorientation could reduce the membrane fluidity and
the dehydration damage during freezing.

Oscillating EM Fields: the Role of Frequencies
in EM Freezing

Oscillating electric andmagnetic fields are defined not only by
the field strength, but also by frequency. As a starting point to
analyze the importance of frequency in EM freezing, it is
convenient to consider the physical behavior of the electro-
magnetic field. It can be described by the relations between

the electric field, E
!
, and the magnetic field, B

!
, known as

Maxwell’s equations:

ð1Þ
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where ρ is the charge density (C/m3), J
!

is the current density
(A/m2), ε0 is the permittivity of the vacuum (8.854 · 10 12 F/
m), and μ0 is the permeability of the vacuum (4π · 10 7H/m).
Permittivity and permeability are physical variables that de-
scribe how an electric or a magnetic field affects and is affect-
ed by a medium, respectively. For a given material, its abso-
lute permittivity, ε, and permeability, μ, are related to those of
the vacuum by means of its relative permittivity, εr, and rela-
tive permeability, μr, through the equations:

ð5Þ
ð6Þ

In the presence of a variable EF, the dielectric response of
materials depends on the field frequency and there exist phe-
nomena of dipole relaxation and resonance at different

frequencies. This frequency-dependent behavior can be
expressed in terms of the complex relative permittivity, εr*:
ε*r ¼ ε

0
r− jε

0 0
r ð7Þ

where εr′ is the relative dielectric constant and εr″ is the loss
factor, representing the capacities of the material for storing
and dissipating energy, respectively. In polar substances of
small molecular size, as water, it can be demonstrated that
the frequency dependence of εr′ and εr″ satisfies the Debye-
type expressions [44]:
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where εs and ε∞ are the permittivity values at low and high
frequencies, respectively, τ is the characteristic relaxation
time, and ω is the angular frequency. It should be noted that
the angular frequency is measured in rad/s in contrast to the
EM frequency, f, which is measured in Hz, i.e., cycles/s.

An approximate representation of the real and imaginary
parts of the complex permittivity for water at 25 °C and 1 bar
is shown in Fig. 2, calculated from the available values of τ
[8], εs [16], and ε∞ [4]. The reduction of the real part of εr on
reaching high frequencies is due to the fact that polar mole-
cules, whose dipole moments align along EF direction, be-
come unable to follow those field variations on reaching cer-
tain frequencies. Therefore, there is a lag between them which
increases losses. Then, the maximum of εr″ and, consequently,
the maximum losses appear at the frequency in which εr′ de-
creases down to the middle value between εs and ε∞. The
angular frequency at this point is equal to the inverse of the
relaxation time of the medium (ω = 1/τ). For a given material,
temperature is one of the main factors that cause variations in
the relaxation angular frequency, the maximum of εr″ and in
εs. However, the drastic drop in the mobility of molecules
produced by freezing originates a comparatively much bigger

Fig. 2 Debye’s model of the complex relative permittivity of water at
25 °C and 1 bar. Maximum losses appear when angular frequency, ω,
equals the inverse of the relaxation time, τ
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reduction in the frequency of appearance of maximum losses.
In this sense, Artemov and Volkov [4] compared the complex
relative permittivity of water and ice at 0 °C. The correspond-
ing graphs were very similar, but the angular frequencies of
the peak of εr″ were shifted six orders of magnitude and, thus,
the relaxation times were 1.7 ∙ 10 11 and 2.2 ∙ 10 5 s for water
and ice, respectively. This provokes, for instance, a much
higher absorption of energy by liquid water than by ice in
microwave ovens (usually working at 2.45 GHz). Thus, the
ratio of water-to-ice EM wave absorption per unit length is
71.4 at that frequency [13]. So, given the displacement of
around six decades in the graph of ice dielectric response
versus frequency, it could be reasonable to think that, if inter-
esting effects of EM freezing are sought, frequencies in the
order of kHz should be explored. Considering again the oper-
ation of microwave ovens, it is advisable to mention that di-
polar polarization is not the only mechanism able to produce
heat losses but also ionic conduction, if dissolved charged
particles are present, and interfacial polarization, which is a
combination of both mechanisms and occurs when a conduc-
tive material is dispersed in a non-conductive medium [3, 6].
Therefore, if significant effects on freezing were observed
when applying EF frequencies of several kHz, as suggested
above for ice, similar mechanisms to those involved in micro-
wave heating could be proposed as a possible explanation of
the action of those fields on freezing.

Application of Oscillating Electric Fields
for Freezing: Effects of Frequency on Freezing
Kinetics

There exist in the literature a number of papers focused on the
potential effects of the frequency of OEF on freezing kinetics
and/or the quality of frozen products. Thus, Sun et al. [55] froze
0.9% K2MnO4 solutions in a 500-V/m OEF at several frequen-
cies between 1 and 200 kHz. From the lowest frequency on,
they observed a gradual reduction of the ice crystal size and of
the total freezing time and, at 50 kHz, a minimum was reached
for both parameters. For higher frequencies, both the ice crystal
size and the freezing time rose again. The authors remarked that
this frequency was very close to 48 kHz, where the dielectric
relaxation peak of salty ice appears [67]. It should be noted that
this value differs from those stated for pure ice in the literature.
Thus, at 0 °C, Artemov and Volkov [4] reported a value of
7.23 kHz while, at − 1.15 °C, Popov et al. [46] reported a
frequency of the relaxation peak around 5.31 kHz. This de-
crease of the relaxation frequency with temperature may be
due to the well-known increase of the dielectric relaxation time
of water and ice when decreasing temperatures [5, 51].

Similar results were obtained by Mok et al. [33] who froze
0.9% NaCl solutions at − 20 °C while applying pulsed EFs of
178 V/m and 50% duty cycle at different frequencies (1–

20 kHz). As observed by Sun et al. [55], these authors detected
a reduction of the phase transition time with increasing fre-
quencies. Moreover, at 20 kHz, ice crystals were also smaller
and rounder than in control samples with no EF application.
Mok et al. [34] also applied pulsed EFs at 20 kHz to chicken
breasts, but following a time sequence of different duty cycles,
namely 0.8 (300 s), 0.5 (120 s), and 0.2 (90 s), and applying
simultaneously a 1-Hz oscillating magnetic field (OMF) dur-
ing the third stage of the sequence. The authors managed to
keep chicken breasts in a supercooled state at − 6.5 °C for
12 h, whereas the breasts were partially frozen at that temper-
ature when not subjected to any EM treatment.

Studies at considerably higher frequencies also gave prom-
ising results. Thus, Ma et al. [31] froze 0.9% NaCl solutions in
the presence of several OEFs of strengths between 12.5·103 and
105 V/m and frequencies ranging from 100 kHz to 10 MHz.
When the samples were subjected to OEFs, a reduction of the
ice grain sizes and the associated ice crystallization fraction was
observed and the best results were obtained at 105 V/m and
1MHz. The authors stated that this frequency was in the region
where the complex electric modulus M* (the inverse of εr*) of
the solution at − 5 °C shows dielectric relaxation and this could
be related to the reduction of the ice crystal size. However, it is
important to note that these positive results may be due not just
to the employed frequencies but also to the higher OEF strength
compared to those of the other two considered works.

Application of Oscillating Magnetic Fields
for Freezing: Effects of Frequency on Freezing
Kinetics

Experiments described in the literature to analyze the potential
effects of OMF frequency on freezing kinetics have been per-
formed using both commercial equipment and lab prototypes.
Commercial equipment allows the study of a limited range of
strengths and frequencies but, fortunately, lab prototypes have
been developed to extend the range of frequencies under study
from 0 to 200 kHz (Fig. 1).

Patented devices and commercial equipment frequently
combine static and oscillating magnetic fields and this makes
it difficult to discern the specific effects that each of them can
have on freezing kinetics. Moreover, it is interesting to note
that the range of MF strengths and frequencies covered by
patents is considerably wider than that observed in commer-
cial equipment. Thus, the SMF strengths covered by ABI
patents range between 0.1 mT and 2 T [40–42], while values
observed in commercial equipment do not exceed 0.22 mT at
the center of the central tray in the freezing cabinet [38].
Regarding the OMF, ABI patents cover strength and frequen-
cy values of 0.1–100 mT and 50–60 Hz, respectively.
Commercial equipment usually has a control panel to select
a BCAS energy^ percentage, from 0 to 100%, which



corresponds to different values of OMF strength and frequen-
cy. However, the correspondence between BCAS energy^ per-
centages and real OMF strength and frequency values is not
provided by the manufacturer and, therefore, the user/food
processor has no knowledge of the magnetic fields actually
applied. To avoid this inconvenience, several authors in the
scientific literature have performed experimental measure-
ments of the real OMF strengths and frequencies for different
BCAS energy^ conditions in ABI freezers. Even though the
results obtained by different authors were not identical, prob-
ably because different models of freezer were tested, data
show that OMF strength at the center of the freezing cabinet
was, in no case, larger than 2 mT, while frequency values
varied from 0 to 60 Hz [11, 19, 38, 47, 64].

The studies published in the literature show that, at rela-
tively low OMF strengths (< 10 mT), the frequency of the
mains (50–60 Hz) or lower seems not to have any effect on
supercooling of pure water or saline solutions. Thus,
Watanabe et al. [59] froze pure water and 1 mol/kg NaCl
solutions subjected to OMFs of 0.5–10 mT at 50 Hz and they
did not observe any influence of the OMF on supercooling.
Similar results were obtained by Naito et al. [35] when freez-
ing both distilled and saline water under a 0.5-mT OMF at
30 Hz. The same occurred when freezing real foods. Thus,
Suzuki et al. [56] and Watanabe et al. [59] froze radish, tuna,
sweet potato, and yellow tail fish in a 0.5-mT OMF at 50 Hz
and did not observe any effect of the magnetic field on freez-
ing kinetics, ice crystals, and quality of the products.

These results, obtained in lab prototypes, agree with those
found by some authors in commercial ABI CAS freezers.
Thus, no effects or few non-reproducible differences were
found when freezing garlic [19], pork loin [49], crab sticks
[38], Atlantic cod [11], or potato and apple samples [47] in
ABI CAS freezers, employing OMF strengths between
0.027 mT [11] and 1.95mT [38] and frequencies ranging from
10 up to 58 Hz. However, some positive results of ABI CAS
freezers have also been reported in the literature. Thus,
Yamamoto et al. [64] froze chicken breasts in a CAS freezer
with OMF strengths between 1.5 and 2 mTand frequencies of
20, 30, and 40 Hz. Even though after 1 week of storage, no
difference in quality was found by comparing CAS experi-
ments with chicken samples frozen by conventional methods,
after 6-month storage, rupture stress was significantly in-
creased only in the samples frozen without CAS. Moreover,
Iwasaka et al. [18] froze DMEM culture medium and NaCl
solutions in two CAS freezers that generated pulsed MFs of
6.5 mT and 3 mT at 10 and 18 Hz, respectively, and observed
differences in the scattered light. The results seem to indicate a
reduction in the ice crystal sizes of the solutions frozen with
pulsed MF. In addition, there are a number of works using
CAS equipment, with OMF frequencies ≤ 60 Hz, which claim
to improve cell cryopreservation. For example, Kaku et al.
[22] found higher survival rate in human periodontal ligament

cells, frozen in a CAS freezer at 0.1 mT/60 Hz, than in those
frozen with no OMF application. Similar results were de-
scribed by Kojima et al. [25] and Koseki et al. [26] who froze
rat mesenchymal stem cells and mouse osteoblasts, respec-
tively, at 0.1 mT and observed that, compared to control sam-
ples frozen with no OMF application, the cell survival and
proliferation rate increased after thawing.

Some results, obtained in lab prototypes, seem to indi-
cate that frequencies higher than that of the mains could
significantly improve freezing kinetics. Thus, Mihara
et al. [32] and Niino et al. [36] froze physiological saline
solutions with and without a 0.12 ± 0.02-mT MF at differ-
ent frequencies from 50 Hz up to 200 kHz. At 50 Hz, they
did not find significant differences compared with the
control, but they observed that supercooling increased
with frequency and detected a maximum (close to
20 °C) at 2 kHz. Semikhina and Kiselev [52] also ob-
served an effect of frequency when freezing bidistilled
water previously subjected to OMFs of 0.88 mT and
10 2 − 200 Hz for 5 h. The authors reported an increase
in supercooling due to the MF exposition and they stated
that the supercooling extent depended both on the OMF
strength and frequency. Unfortunately, to the best of our
knowledge, additional papers by other authors that con-
firm these results do not exist in the literature.

Oscillating Magnetic Fields as a Means
to Generate Oscillating Electric Fields

In the previous sections, OEFs and OMFs have been an-
alyzed as independent fields. However, it is well-known
that, according to Faraday’s law, (Eq. 3), any variable MF
will induce a variable non-conservative EF whose orien-
tation is such that, if there were a conductor present, the
induced current would generate a MF which would tend
to oppose the variation of MF flux (as stated in Lenz’s
law). This opens the possibility to generate OEFs in a
wide range of frequencies by means of OMFs, as an-
nounced in Jha et al. [20].

As previously commented, the results obtained by Mok
et al. [33] and Sun et al. [55] suggest that relatively weak
OEFs can improve freezing kinetics if applied at an adequate
frequency. These OEFs could be induced in the range of fre-
quencies of interest by means of OMFs of the same frequen-
cies and, therefore, the common problems associated to OEF
generators would be avoided.

To illustrate how to quantify the strength of an induced EF,

let us suppose a variable MF, B
!
, confined in a circular region

of radius R (Fig. 3). Then, from the circulation of the induced
EF along a circular concentric path of radius r, the value of the
EF strength is easily calculated, being:
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Supposing that the MF is instantaneously uniform on the
circle surface and it is only time-varying in a sinusoidal fash-
ion at a constant frequency f:

As an example, Rodríguez [48] designed and built a cylin-
drical (5.75 cm radio and 8.6 cm high) air core OMF generator
for laboratory experiments. The device consisted of a solenoid
of 75 turns distributed in one layer around a lab-built bobbin
and an electronic inverter. For the reduction of problems de-
rived from the high frequency, Litz wire was employed to
construct the solenoid. In turn, the inverter was able to work
in a wide range of frequencies between 1 Hz and 50 kHz,
thanks to adequate strategies for the driving of switches at
high and low frequencies. The drive of the switches was car-
ried out by a commercial microcontroller unit. In this equip-
ment, the sample inside the coil could be subjected to a peak
OMF strength of, at least, 1.13 mT, i.e., a root mean square
(RMS) value of 0.8 mT, which is near the value used in com-
mercial CAS equipment [38]. According to (Eq. 13), at

50 kHz, OMF strength gives rise to an OEF RMS value of
7.2 V/m.

Experimentation with this device is currently in process to
test if, as observed by Mok et al. [33] and Sun et al. [55],
frequency, up to 50 kHz, can affect freezing kinetics of pure
water and aqueous solutions at this weak OEF strength. If
effective, the employment of OMF generators to produce
OEFs, able to increase supercooling, would result in an im-
portant technological advance because they are much more
manageable than electrodes. Moreover, the scale-up of the
described design to fit industrial conditions would not be
any significant technological hindrance [48].

Conclusion

Although in the last years an increasing number of scientific
papers on the effect of both static and oscillating electric and
magnetic fields on freezing have been published, nowadays,
there is still no clear evidence of their efficacy in improving
freezing kinetics and/or the quality of frozen products.

To shed light on this subject, systematic experimentation is
needed. Well-defined experiments that can be replicated and
confirmed by different laboratories should be performed.
When looking for the effects of EMFs on supercooling, the
number of replicated experiments should be enough to capture
the stochastic nature of ice nucleation. Moreover, when work-
ing with biological materials, their inherent variability should
be considered. Thus, to draw valid conclusions, special care
should be taken in the experimental design and the subsequent
statistical analysis of the data.

When assessing the effects of static electric or magnetic
fields on freezing, critical values in a wide strength range
should be investigated. To do so, all the factors that can play
a role in the observed results should be clearly identified and
considered. Among them, special attention should be paid to
the sample composition and size, the presence of impurities,
the temperature, the cooling rate, and the spatial electric and
magnetic gradients that can be established throughout the
sample, among others. Experimentation should be first per-
formed in the simplest matrix, that is, in pure water and, then,
the effects of EMFs on other molecules with potential impact
on freezing kinetics and/or the quality of frozen foods should
also be analyzed in depth. Only after finding positive results,
mechanisms involved in such results should be investigated.

When studying oscillating electric and magnetic fields,
both critical strength and frequency values, and also any po-
tential interrelation between them, should be sought.
Discerning the separate effects of oscillating electric and mag-
netic fields on freezing seems not to be simple because, ac-
cording to Ampère-Maxwell law and Faraday’s law, the pres-
ence of an oscillating either electric or magnetic field succes-
sively produces an induced oscillating magnetic or electric

Fig. 3 Electric field induced by a variation of magnetic flux
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then, taking into account that in this case there is a maximum
of the induced EF strength for r = R, this is:
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field, respectively. Obviously, the character of the field source 
(magnetic or electric) determines the main field, which is 
much stronger than the induced one.

The role of frequency and dielectric relaxation on water 
supercooling should be analyzed in depth because it opens a 
door to explain the potential effects of OMFs on freezing. If 
significant effects of weak OEFs at specific frequencies on 
supercooling were confirmed, critical values to achieve the 
pursued effects should be identified. Future research should 
also clarify the potential effect of different solutes and 
temperatures.

Moreover, lab prototypes, able to produce wide OMF 
strength and frequency ranges, are needed. The OEFs induced 
in these devices, at different OMF strength and frequency 
conditions, should be calculated to consider their potential 
contribution to any effect observed. If the effects of OMF 
freezers on supercooling and freezing kinetics were proved 
at some OMF strength or frequency and, actually, assigned 
to the induced OEF, physics underlying OMF freezing could 
be finally explained and the successful industrial implementa-
tion of electromagnetic freezing could be a relatively easy 
task. Thus, the production of OMF freezers, able to induce 
OEFs with critical strength and frequency values on 
supercooling, would be a relatively simple solution.
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