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Mini Review 

For several decades we have been discussing possible harmful 
effects of manmade electromagnetic fields (EMFs) on human 
health, without being able to accurately highlight the existence 
of an intensity threshold (or frequency, or both) of EMFs not to 
be exceeded. However, it is a matter of fact that a huge number of 
studies on several effects on biological systems of EMFs emitted 
by human activities at very low intensities and regardless of the 
frequency of the field have been published so far. Furthermore, 
the fact that these effects have been significantly detected and 
quantified even on very simple organic systems such as proteins 
and cells leave no doubt as to the existence of such effects [1-
5]. Nevertheless, some researchers have pointed out that these 
effects do not find any theoretical explanation despite having been 
observed experimentally. In this regard, I would like to begin by 
citing the paper of Pierre and Dobson [6] in which it is expressly 
reported that the Lorentz force exerted on ions passing through 
cells membrane channels due to an applied EMF is negligible  

 
with respect to the forces that are needed to the activation of 
ions gating channel. In that paper the authors considered Na+ ion 
moving in cell channel at velocity v under a magnetic field (MF) 
B. Following Lorentz’s law, this charge should be subjected to the 

force  F qv B= × .

The authors highlighted that a MF of 3 x 108 T is needed to 
induce a force of 1 pN and even considering ion velocity of 102 m 
s-1, a MF of 105 T would be necessary, which is several orders of 
magnitude larger than any magnetic field on Earth! Another study 
on the apparent contradiction between experimental observations 
of the effects of EMFs and negative theoretical results is that of 
Adair [7]. He made a simulation in which Hemoglobin (HB), chosen 
as protein prototype, is exposed to an EMF with amplitude E = 
100 kV/m for Δt = 1 ns (the time integration from Sandia electric 
pulse, corresponding to the frequency of 900 MHz). The EMF will 
generate a torque on the protein because its significant dipole 
moment [8], inducing an angular impulse which has to compete 
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with the mean angular momentum from thermal agitation to 
which the protein is subjected too. In this simulation, despite of 
the large value of amplitude of the EMF which was used, the mean 
angular momentum from thermal agitation resulted significantly 
larger than the impulse from EMF. Why do theoretical simulations 
contradict experimental observations? On the other hand, how 
is it possible that all the experimental results observed in recent 
years concerning the effects of EMFs are wrong? This apparent 
contradiction has been named the “kT problem”. 

Let we consider macroparticles with a large dipole moment 
such as charged dust particles, mitochondria and some cells 
under exposure to an EMF. They will align towards the direction 
of the applied field: this phenomenon was named in literature 
“pearl chains” [9-13]. It can be easily explained by classical theory 
because the large mass of the organic particle gives rise to a large 
angular impulse that will overhead mean angular momentum from 
thermal agitation, as it can be easily shown. In contrast, kT problem 
arises when dealing with particles at the microscopic level such 
as molecules and ions. In this case, classical physics cannot longer 
be used, but a quantum approach should be used [14-23]. Indeed, 
light particles such electrons should have large wavelengths so that 
they can move from one side of a potential-energy barrier to the 
other side, despite of not having enough kinetic energy to overhead 
the barrier. However, in the second simulation above reported a 
macromolecule was taken in account so that even using classical 
physics a correct explanation should be found. 

That is, it is a situation which is a cross between an atomic 
particle and a macroparticle, so that a semiclassical approach could 
apply. Instead, in the simulation reported above it seems that this 
cannot be done only because an adequate exposure time to EMF was 
not taken in account. For instance, in the first simulation reported 
above the integration time was not really considered and a constant 
intensity of MF was assumed. Nevertheless, even if the MF intensity 
has been assumed to be constant, the effects due to the applied MF 
should also depend on exposure time. Even if the torque induced 
by the applied MF is not intense enough to produce a displacement 
of the organic particle, however it will produce a very small 
displacement that will change the initial conditions from which the 
subsequent action of the force will begin in the following instants of 
time, In such a way that these imperceptible shifts will add up as the 
particle is exposed. An illustrative example of this situation can be 
represented by a (constant) force produced by the impact of a drop 
of water on a rock that does not produce any visible effect. However, 
the persistence of this action over time will produce considerable 
macroscopic effects on the rock that seem inexplicable by the single 
event, but which are instead produced by the sum of many events of 
this type. Regarding the second simulation above reported, instead, 
a time interval given by Sandia electric pulse Δt = 1 ns was taken 

in account, corresponding to the EMF frequency of 900 MHz. This 
choice depends on having considered a typical high frequency (HF) 
EMF. In this scenario the protein exposed to the EMF rotates from 
one side to the other following the frequency of the field, returning 
to the initial position after 1 ns, so that the average displacement is 
zero and no effect induced by the EMF could be explained. 

However, this reasoning is correct if the particle rotates in 
a vacuum, whilst if it is embedded in a medium it cannot follow 
the EMF HF oscillation due to the inertia of particle and to the 
friction induced by the viscous damper of the medium in which the 
molecule is embedded. Hence, the particle exposed to the EMF will 
undergo a non-zero displacement correlated to the exposure time 
and a time interval larger than that of Sandia electric pulse should 
be taken in account. In the study published in [24] a macrodipole 
represented by the α-helix of typical proteins was considered to 
test this model, explaining the rotation of proteins α-helices and 
their alignment along the direction of the applied EMF observed 
by FTIR spectroscopy. This scenario can explain all the effects of 
exposure to EMFs of biological systems observed so far. Indeed, α-
helix is present in all biological membrane channels and constitutes 
the walls of these channels [25-27], so that an applied EMF at very 
low intensity could not induce the rotation of these α-helices 
considering an integration time of the order of Sandia pulse, due to 
the significant binding forces in membrane channels. 

In contrast, the impulse of the magnetic force due to an applied 
EMF calculated for the duration of exposure time can induce a 
torque on the α-helix causing a little increase in the diameter of 
cellular membrane channel [28-30]. This increase doesn’t have to 
be huge. A small variation is enough to produce an alteration in the 
flow of ions through cell membrane channel, causing alterations in 
cellular functions and the consequent effects that researchers have 
so far observed. Otherwise, it is true that the α-helix displacement 
must also compete with thermal molecular agitation, as Adair 
showed in his study [7]. However, even in this sense, considering 
an integration time comparable to a typical exposure time, it is 
easy to demonstrate that the magnetic torque exceeds the angular 
momentum from molecular thermal agitation [29,30]. A further 
study to explain experimental results of exposure to EMF by 
classical theory was carried out by the author and reported in [31], 
in which the competition between the mechanical moment due to a 
MF applied to HB protein and the diffusion quantity which is due to 
thermal molecular agitation was quantified. The complete equation 
of motion of a molecule subjected by both actions is given by 

2

2

( ( )) ( ) ( ( ) )f f f
t
ϕ ϕ ϕ ωφ

ϕ ϕ
∂ ∂ ∂

= −
∂ ∂ ∂

 (1)

in which f(φ) is a distribution function and Φ is the rotational 
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diffusion coefficient. The first two terms of this equation are due 
to the equation of diffusion process, the last term represents the 
quantity due to the mechanical moment and ω is the angular 
velocity of the molecule that can be calculated by the term

3 2

( sin )
8 8

HH
Fmd

dt r r
ϕϕω

πη π
= = =  (2) 

in which mH is the mechanical moment, FH is the force induced 
by the MF, r is the radius of the molecule and d = r sinφ is the 
distance between the application point of FH and the center of the 
molecule [32]. At the equilibrium, the torque of MF should balance 
thermal agitation so that we should have

( ) 0f
t
ϕ∂

=
∂  

(3)

The solution of this equation is given by 

1( ) (1 cos )
2 B

Hf
k T
µϕ ϕ

π
= +  (4)

and the number of molecules that are rotated by an angle φ 
with respect to the direction of the field is given by

(1 cos )
2 B

N HN
k T
µϕ ϕ

π
= +

 
(5)

in which N is the total amount of paramagnetic molecules per 
unit of mass, μ is the molecular magnetic permeability and H is the 
applied MF [32].

The ratio of the numbers of molecules rotated with respect 
to the direction of the MF by two different angles φ1 and φ2 at the 
corresponding temperatures T1 and T2 is given by:

1 1 2 1

2 2 1 2

(2 ) cos
(2 ) cos

B

B

N k T H T
N k T H T

ϕ

ϕ

µ ϕ
µ ϕ

+
=

+
 

(6)

The parameters in the study of [31] were used to test the 
modeling above reported. As a result, the terms 2kBT1 and 2kBT2 
can be neglected in comparison to µH and it can be assumed that 
cos φ1 = cos φ2 given that the displacement of molecules at the 
temperature T1 should be close to that at the temperature T2.

Finally, Eq. (6) can be written

 

1 2

2 1

N T
N T

=  (7)

so that the ratio between the number of molecules that are 
oriented along the direction of the applied MF by an angle φ is 
inversely proportional to the ratio between the temperatures. Such 

as showed in previous literature concerning FTIR spectroscopy, the 
intensity of the vibration band Amide I should be proportional to 
the number of proteins α-helices aligned with the direction of the 
applied MF. The ratios between the Amide I integrated area ratios of 
exposed/unexposed HB samples and some couple of temperatures 
T1 and T2 were computed in [31], providing the result that these 
values coincide with those obtained from Eq. (7), proving that 
the alignment of α-helix with the direction of an applied EMF is 
inversely proportional to the temperature. Above all, it was proved 
that the rotation of α-helix is not impeded by the Brownian motion 
due to thermal molecular agitation despite of the low intensity 
of MF used in [31], in agreement with the theoretical classical 
approach above reported.

Conclusion
Previous studies have highlighted that the effects caused by 

exposure of some organic systems to man-made electromagnetic 
fields at low intensities cannot be explained theoretically 
because angular momentum from molecular thermal agitation 
of surrounding medium is found to exceed the torque induced 
by EMF. Some authors assumed that a different approach by 
quantum physics is needed to solve this problem, in particular if 
we consider particles at atomic or subatomic size scales such as 
electrons or ions crossing cell membrane. However, if larger scales 
are considered, such as macromolecules like proteins, then classical 
physics can also be able to explain experimental results observed 
after exposure to man-made electromagnetic fields.
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