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Abstract: The purpose of this paper is to calculate the maximum electric field in the brain tissue sur-
rounding a microcoil. The microcoil is represented as a wire coupled capacitively to the surrounding
tissue. For a 1 mA, 3 kHz current in the wire, the value of the electric field intensity in the tissue
is approximately 4 mV/m. The intensity of the electric field is proportional to the frequency, the
capacitance per unit area, and the square of the wire length. The electric field produced by this coil
by electromagnetic induction is in the order of 0.002 mV/m. Therefore, the electric field produced
by capacitive coupling is much greater than the electric field produced by induction. Methods to
distinguish between capacitive and magnetic stimulation are discussed.
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1. Introduction

Magnetic stimulation therapy has become a highly effective treatment for many neuro-
logical conditions, such as depression [1]. In 1985, Dr. Anthony Barker invented transcranial
magnetic stimulation, TMS, in which a current passes through a coil outside the head, with
a strength of several kiloamps lasting a few hundred microseconds, and his device was able
to stimulate the motor cortex in the brain [2]. This current causes a change in the magnetic
field, which results in an induced electric field (electromagnetic induction) that can stimu-
late the nerves when it reaches the neuron’s threshold for firing an action potential, helping
and improving neurological symptoms such as depression and Alzheimer’s disease [3–5].
Despite the widespread use of TMS therapy, it has poor spatial resolution, which makes it
challenging to activate selectively the deeper targeted regions of the brain and achieve a
focused stimulation [6–9].

Recently, microcoil technology has been a significant development in magnetic stimu-
lation therapy [10–14]. (The term “microcoil” is often used, although these devices do not
necessarily have a circular shape like a traditional “coil” but rather sometimes appear to be
more like a bent wire.) Unlike traditional TMS, microcoils induce a highly localized and
precise electric field, making it easier to stimulate specific brain regions [15]. The improve-
ment in spatial resolution comes at the cost of implanting the microcoil, which makes its
use more invasive. Nevertheless, for some applications the increase in spatial resolution
may override the disadvantage of implantation. Researchers have made considerable
progress in constructing microcoils with various sizes, shapes, and configurations. In 2012,
Bonmassar et al. designed a microcoil with a radius of 500 µm and a height of 1 mm, made
from 21 turns of copper wire placed 300 µm above the soma of an isolated ganglion cell [6].
When a few amps of current were passed through this microcoil, it produced a strong
enough electric field to stimulate neurons effectively. Since then, other researchers have
designed different microcoils requiring several amps of current and multiple coil turns to
stimulate neurons [16,17]. This development of small, implantable microcoil technology has
opened up new possibilities in treating neurological conditions, offering a new approach to
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magnetic stimulation therapy. The critical concept in understanding microcoil stimulation
is the electric field that it can produce. It can be affected by multiple factors, including the
strength of the current and its frequency, the distance between the coil and the nerves, the
number of coil turns, and the properties of the surrounding tissues.

In 2016, Lee et al. designed a single-turn microcoil and they were able to stimulate
neurons with only a 40 mA current. They claimed that magnetic stimulation was the mech-
anism of this excitation [18]. Alzahrani and Roth were skeptical that magnetic stimulation
was responsible for excitation because the induced electric field was too weak [19]. Accord-
ing to previous studies, the threshold for neuronal excitation is an electric field intensity
of approximately 10 V/m [20,21]. (However, weaker fields, as low as 0.1 V/m, may alter
the spontaneous firing rate in a neural network [22].) Alzahrani and Roth suggested that
capacitive coupling may be a more likely mechanism than magnetic stimulation [19].

The primary purpose of this investigation is to calculate the electric field in the brain
during neural stimulation using capacitive coupling. This paper presents an analysis of the
electric field induced by capacitive coupling by utilizing the parameters from Lee et al.’s
study [18]. We aim to provide a detailed calculation of the electric field generated by this
method. Additionally, our study compares the results of the capacitive coupling analysis to
the electric field expected during magnetic stimulation. With the increasing use of microcoil
technologies in medical and therapeutic applications, the findings of this study provide
insights into the mechanisms of exciting neurons.

2. Materials and Methods

We model the stimulating coil as a straight length of copper wire of radius a and length
2L, surrounded by a tissue of radius b (we assume b >> a). The copper has conductivity
σi, and the surrounding tissue has conductivity σe. The resistance per unit length of the
wire is then ri = 1/

(
σiπa2) and that of the surrounding space is re = 1/

(
σeπb2). The

two are coupled capacitively. The wire insulation has a capacitance per unit area C = κεo
d ,

determined by the dielectric constant of the insulator κ and its thickness d. We assume the
resistance of the insulation is infinite. This model for the wire is essentially the same as the
cable model for a nerve axon, except that we take the “membrane” conductance to be zero.
Figure 1 illustrates the model.
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Figure 1. A model of a wire coupled to the surrounding tissue by a capacitance. The current in the
wire is Ii, the wire resistance per unit length is ri, the current in the tissue is Ie, the tissue resistance
per unit length is re, the capacitance per unit area of the insulation is C, and the current applied to the
wire at its ends is I.

Our analysis follows the traditional derivation of the cable equation [23]. The position
along the cable is denoted by x, with x = 0 at the center and x = ±L at the ends. Time
is denoted as t. To derive an equation governing the voltages in the wire, Vi, and in the
surrounding tissue, Ve, we consider a section of the wire of length ∆x. The wire current,
Ii, entering this section from the left is Ii(x) and the current leaving this section on the right
is Ii(x + ∆x). The current exiting the wire through the capacitance is C ∂(Vi − Ve)/∂t times
the wire’s surface area 2πa∆x. Taking the limit as ∆x goes to zero, this relationship becomes
− ∂Ii

∂x = 2πaC ∂(Vi−Ve)
dt . In the copper, the current and voltage are related by Ohm’s law,

Ii = − 1
ri

∂Vi
∂x , so this equation becomes 1

ri

∂2Vi
∂x2 = 2πaC ∂(Vi−Ve)

dt . A similar relationship can
be derived for the tissue space, but a minus sign is introduced because capacitive current
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exiting the wire is entering the tissue. We can rearrange these expressions and define a
diffusion constant as D = 1

2πaC(ri+re)
, resulting in the pair of differential equations:

∂

∂t
(Vi − Ve) = D

(
ri + re

ri

)
∂2Vi

∂x2 and
∂

∂t
(Vi − Ve) = −D

(
ri + re

re

)
∂2Ve

∂x2 , (1)

Next, we introduce two new voltages—the voltage across the insulation, V, and a
weighted average voltage, ψ—defined by

V = Vi − Ve and ψ = Vi +
ri
re

Ve, (2)

which can be inverted to give Vi and Ve in terms of V and ψ

Vi =
re

ri + re

(
ψ +

ri
re

V
)

and Ve =
re

ri + re
(ψ − V). (3)

We can use Equations (1) and (2) to show that V(x,t), the voltage across the insulation,
obeys the diffusion equation, and ψ(x, t), a weighted average of the wire and tissue voltages,
obeys a one-dimensional version of Laplace’s equation:

∂V
∂t

= D
∂2V
∂x2 and

∂2ψ

∂x2 = 0. (4)

Our introduction of the diffusion constant earlier was motivated by its appearance in the
diffusion equation for the voltage difference across the wire capacitance.

We assume a sinusoidal stimulus current (the system is driven by a current source, not
a voltage source), I(t) = Io sin( ωt), where ω = 2πf and f is the frequency. The diffusion
time can be defined as L2/D and is the same as the RC time constant of the wire: the
resistance (ri + re)L times the capacitance C2πaL.

For t < 0, the initial condition is V = ψ = 0. At the ends x = ±L, all the current is in
the wire and none is in the tissue, implying

∂Ve

∂x
= 0 and

∂Vi
∂x

= −Iorisin(ωt). (5)

In terms of V and ψ, these boundary conditions become

∂V
∂x

= −ri Iosin(ωt) and
∂ψ

∂x
= −ri Iosin(ωt). (6)

The equation for ψ(x, t) in Equation (4) can be solved analytically:

ψ(x, t) = −ri Iosin(ωt)x. (7)

The diffusion equation for V(x,t) in Equation (4) must be solved numerically [24]. The
derivatives are approximated using finite differences with space step ∆x and time step ∆t

V(x, t + ∆t) = V(x, t) + D
∆t

∆x2 [V(x + ∆x, t) + V(x − ∆x, t)− 2V(x, t)]. (8)

The calculation must satisfy the stability criterion

4D∆t
∆x2 ≤ 1. (9)

The parameters we used in the calculation are given in Table 1, selected to approx-
imately match those used experimentally by Lee et al. [18]. They imply D = 1.8 m2/s,
ri =850 Ω/m, and re = 320 MΩ/m. Clearly ri << re, as would be expected. The DC
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resistance of the coil is 1.7 Ω. The capacitance per unit area is C = 0.00011 F/m2. This is
about a hundred times smaller than the capacitance of the cell membrane, 0.01 F/m2 or
1 µF/cm2, because the insulation thickness, 300 nm, is nearly a hundred times greater than
the thickness of a cell membrane. The diffusion time is 0.56 µs. In the calculation, we used
∆x = 0.1 mm and ∆t = 0.001 µs, implying that the quantity on the left side of Equation (9) is
0.72 and that the calculation is stable.

Table 1. Parameters used in the calculation (from Lee et al. [18]).

Parameters Definition Value Unit

κ Insulation dielectric constant 3.8 -
σe Tissue conductivity 0.1 (Ωm)−1

σi Wire conductivity 60 × 106 (Ωm)−1

d Insulation thickness 300 nm
a Wire radius 2.5 µm
b Tissue radius 0.1 mm
L Half the wire length 1 mm
Io Amplitude of applied current 1 mA
f Frequency 3 kHz

Using a MATLAB (version R2022b) program, we calculated the electric field generated
by the model shown in Figure 1. The current in the wire was 1 mA with a frequency
of 3 kHz. The voltage in the wire Vi and the tissue Ve varied as a function of time and
space, and we expressed this variation using the functions ψ and V in terms of Vi and
Ve. After determining the values of ψ and V using the parameters outlined in Table 1,
we could calculate the voltage along the wire Vi and the voltage in the tissue Ve. Finally,
we calculated the electric field E in the tissue by taking the gradient of Ve. The MATLAB
program used to perform the calculation is given in Supplementary Materials.

3. Results

When we calculate the voltages, we find that ψ and V are nearly the same in the wire
and the tissue: they are both approximately linear in x (Figure 2), and both are nearly sinu-
soidal in time (Figure 3). This behavior occurs because the diffusion time (L2/D = 0.56 µs)
is much less than the period of the applied current (333 µs). The voltage difference between
the ends of the wire, ∆Vi, is nearly equal to ∆ψ for re >> ri, so from Figure 2, we see that
the voltage difference is about 1.7 mV. The voltage in the tissue, Ve, is approximately the
difference between ψ and V, which is difficult to determine from Figures 2 and 3 but is not
zero (Figure 4). It has a maximum amplitude at the ends of the coil and a maximum slope
at the center. The magnitude of the electric field in the tissue is about 4 mV/m at x = 0.
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The time course for Ve and E (Figure 5) are approximately proportional to cos(ωt).
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the initial condition is Ve = 0, the tissue potential rises abruptly near t = 0 (Figure 6). In
about one microsecond (roughly the diffusion time) it reaches its asymptotic behavior.
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we found that the electric field was 143,385 mV/m. 

The stability criterion defined earlier slows the numerical calculation because it im-
plies a very small time step. We had to use a time step (0.001 µs) that is more than 100,000 
times shorter than the period of the stimulation current (333 µs). 
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Figure 6. (a) The voltage in the tissue, Ve, at position x = −10 mm and (b) the tissue electric field, E,
at position x = 0, both as functions of time t. This is the same data as in Figure 5, but over a shorter
range of times.

The voltage drop across the tissue is about 0.005 mV, compared to a drop of 1.7 mV
in the wire. The tissue voltage drop, and therefore the tissue electric field, is so small
because of the high resistance of the current path through the tissue (about 640,000 Ω)
compared to that through the wire (1.7 Ω). Neither the tissue conductivity nor the radius
of the cylindrical tissue space is known accurately, and the tissue conductivity may be
heterogeneous [25]. Figure 7 shows the peak electric field strength as a function of the
tissue resistance per unit length, re.
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Lee et al. [18] performed a test to determine if capacitive currents were important by
passing a large transient current to burn a small portion of the coil, leaving an open circuit.
We can simulate this experiment by dramatically increasing ri. When we set ri = 30 MΩ/m,
we found that the electric field was 143,385 mV/m.

The stability criterion defined earlier slows the numerical calculation because it implies
a very small time step. We had to use a time step (0.001 µs) that is more than 100,000 times
shorter than the period of the stimulation current (333 µs).

Except for a brief time when the stimulus first turns on (Figure 6), the electric field in
the tissue follows a sinusoidal time course. Therefore, to a good approximation, we could
calculate the electric field analytically for a sinusoidal current that extends over all time.
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We assume Ve << Vi and ri << re. In that case, Equation (3) implies that Vi = ψ; the second
expression in Equation (1) then becomes

∂ψ

∂t
= −D

∂2Ve

∂x2 . (10)

Since ψ is known from Equation (7), we can simply integrate Equation (10) to obtain an
approximate analytical expression for the tissue voltage

Ve ≈
ri
D

I0ωcos(ωt)
[

x3

6
− L2x

2

]
, (11)

and for the tissue electric field

E ≈ ri
D

I0ωcos(ωt)
[

L2

2
− x2

2

]
. (12)

At x = 0, the amplitude of the electric field is thus L2riω
2D I0, which agrees fairly well with

Figure 5. We have performed several numerical simulations and found them to be consistent
with this approximate analytical analysis. For instance, our calculations indicate that the
electric field intensity in the tissue is proportional to the frequency. Figure 7 indicates the
electric field is proportional to the tissue resistance per unit length, which follows from the
factor of the diffusion constant in the denominator of our analytical solution.

In traditional transcranial magnetic stimulation, the current through the coil is not
sinusoidal but instead is delivered as a pulse. We have performed a simulation using a
current pulse through the wire with an amplitude of 1 mA, a rise time of 10 µs, and a
subsequent decay of about 1 ms (Figure 8). The electric field in the tissue rises abruptly to
a peak of 0.7 µs after the pulse begins, and then decays and changes sign, but with a low
amplitude. The peak amplitude of the electric field is about 50 mV/m, which is somewhat
larger than found during a simulation with a sinusoidal current because of the abrupt rise
in the pulse. In other words, during a Fourier analysis, frequencies greater than 3 kHz
contribute to the rapid rise of the current waveform.
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4. Discussion

Capacitive effects are known to be important for stimulating electrodes [26]. Typi-
cally, such electrodes are either Faradaic (where a chemical reaction occurs at the interface
between the wire and the tissue) or capacitive (where charging or discharging a charged
double layer at the electrode surface allows the stimulating current to enter the tissue).
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However, these electrodes typically connect the stimulating circuit to a grounded tissue
space. In other words, the electrode capacitance is in series with the wire injecting the
stimulating current, and a second grounded electrode is required to provide the return path
for the current. Our case is different. The wire capacitance is distributed in parallel along
the length of the wire. Capacitive current passes out of the wire at one end and returns
back into the wire at the other end. In essence, one end of the wire acts as the cathode
and the other end as the anode. This is a very different circuit than used when analyzing
most stimulating electrodes; no separate ground electrode is required. Our model resem-
bles, in fact, an undersea telegraph cable or an axon within a nerve more than the usual
stimulating electrode.

This model shows that a wire passing a sinusoidal current with a frequency of 3 kHz
and amplitude of 1 mA produces an electric field in the surrounding tissue of about
4 mV/m. This value of E is small compared to the value required for excitation of neurons
in the brain. Hause found that the transmembrane potential produced in a single neuron in
an electric field of 10 V/m can polarize a neuron by 6 to 8 mV, implying that the threshold
is in the order of 10 V/m, or 10,000 mV/m [20]. Our value of E is about 2500 less than this
threshold. Therefore, the electric field induced by capacitive coupling for a 1 mA, 3 kHz
current should be well below the strength needed for neural excitation. In their calculations,
Lee et al. used a nominal value of 1 mA for the current, but in their experiments, they found
thresholds in the order of 40 mA [18]. A current of 40 mA would increase our calculated
electric field up to 160 mV/m, bringing the stimulus closer to the expected threshold,
within a factor of about 60.

For long, straight axons, the “activating function” dE/dx is often used as the source of
electrical stimulation rather than the electric field itself. However, in the brain where axons
bend and terminate, the electric field is more appropriate. The differences between these
mechanisms are discussed in detail in [27].

Lee et al. assumed the electric field in the tissue was caused by magnetic stimulation,
and calculated its amplitude to be about 1000 mV/m [18]. However, using arguments
like those presented by Alzahrani and Roth [19], the electric field produced by magnetic
stimulation should be in the order of

E ≈ µo

4π

dI
dt

≈ µo

4π
Io2π f (13)

where µo is the permeability of free space (4π × 10−7 V s/(A m)). For Io = 1 mA and
f = 3 kHz, E should be in the order of 0.002 mV/m, which is nearly a factor of a million
smaller than the value Lee et al. calculated. (We have no explanation for why their
calculation gave such a large value because we do not have access to their computer code;
the computer code for our magnetic stimulation calculation is given in [19].) In this case,
the electric field from magnetic stimulation (0.002 mV/m) is more than a thousand times
smaller than the electric field from capacitive coupling (4 mV/m), implying that capacitive
coupling is the dominant mechanism. A more accurate calculation of the electric field
arising during magnetic stimulation with a microcoil was performed by Alzahrani and
Roth, and they found the electric field to be about 0.026 mV/m [19] at a distance just outside
the coil insulation surface (0.3 µm from the coil).

How could one distinguish experimentally a model based on capacitive coupling from
one based on magnetic stimulation? (1) Both predict an electric field that is proportional
to the frequency and the amplitude of the applied coil current and that is out of phase
with the coil current. (2) Increasing the thickness of the insulation should decrease the
capacitance, thereby increasing the diffusion constant and making capacitive stimulation
even more difficult. Magnetic stimulation, on the other hand, should not be affected by
the thickness of the insulation. (3) The electric field produced by capacitive stimulation
is sensitive to the tissue resistance (Figure 7), but the electric field induced by magnetic
stimulation is not. (4) If the wire were made from silver instead of copper, then ri would be
smaller. This would decrease the electric field via capacitive stimulation, but (assuming a
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current source) this would not affect magnetic stimulation. (5) Increasing the wire gauge
and thus decreasing the wire radius would increase ri, which would increase the electric
field caused by capacitive stimulation. There would be no effect of wire gauge during
magnetic stimulation (again, assuming a current source). (6) The coil could be wound
using more turns. This would have a complicated influence during capacitive stimulation
because it would couple the individual windings capacitively. For magnetic stimulation,
increasing the number of windings would increase the magnetic field (assuming a current
source, so any changes in coil resistance or inductance do not affect the current). (7) Finally,
the length of the coil leads (L) would play a major role in capacitive stimulation, but less or
no role during magnetic stimulation.

To examine some of these effects in more detail, if we make the wire thinner (decrease a),
we will increase ri. But assuming that ri is still much smaller than re and that we are
driving the coil with a current source, increasing ri should increase the magnitude of the
tissue electric field, making it easier to stimulate. (Essentially, we increase the voltage drop
along the wire.) For instance, when the resistance ri becomes equal to the resistance of the
tissue re, the peak of the electric field will be huge, about 1,500,000 mV/m. Note, however,
that as we increase ri while using a current source, the voltage produced by the source will
grow. The current source must be powerful enough to produce such a voltage, otherwise
letting ri become large in our calculation is unrealistic. Nevertheless, the best way to
stimulate neurons in the brain may be to use two electrodes, an anode and a cathode, with
a gap (ri = ∞), as is often used in traditional electric stimulation [26].

Increasing the resistance of the tissue space, re, would decrease D and increase the elec-
tric field in the tissue (Figure 7). For instance, making re ten times larger, re = 3200 MΩ/m,
would increase the electric field in the tissue to 40 mV/m. The radius of the cylinder of
tissue, b, is the least well-known parameter in our model. A more accurate calculation
would treat the tissue as a volume conductor and determine the distribution of the tissue
voltage and electric field as a function of position. In this case, the average electric field
in the tissue may be smaller than value we calculate, but its peak value adjacent to the
insulation may be larger.

Our calculation only approximates the physical situation examined by Lee et al. [18].
Their coil was not a straight wire, but bent into a hairpin loop. We assumed the tissue
exists in a 0.1 mm radius cylinder surrounding the wire, which is probably the most
arbitrary assumption in our calculation. The electric field in the tissue is almost certainly
not independent of distance from the wire, as we have assumed in our one-dimensional
model. All these assumptions will impact the predicted electric field in the tissue. However,
our main conclusion is that the electric field in the tissue is over one thousand times larger
for capacitive stimulation than for magnetic stimulation. Our assumptions would need
to account for three orders of magnitude of difference, but it is not clear if accounting for
these assumptions would make the electric field larger or smaller.

The predicted electric field in the tissue is a factor of 60 less than what we would
expect for the threshold for neural stimulation. Some combination of our assumptions
and an error in the estimation of threshold as 10,000 mV/m might raise our predicted
tissue electric field to threshold level. For instance, a hairpin loop may result in the tissue
voltage drop occurring over the distance between the two parallel wires (0.1 mm) rather
than over the length of the wire (2 mm), thereby raising the electric field in the tissue
significantly. The evidence is convincing that Lee et al. were somehow exciting neurons in
their experiment [18], but it is difficult to imagine what other mechanisms could be active
besides capacitive coupling and magnetic stimulation.

Our model makes specific predictions about microcoil stimulation of the brain via capaci-
tive coupling. We hope that our results will motivate experiments to test these predictions.

5. Conclusions

In summary, we predict an electric field in the tissue due to capacitive coupling of
about 4 mV/m for a current of 1 mA and 3 kHz. The electric field produced by magnetic
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stimulation would more than a thousand times less, in the order of 0.002 mV/m. Therefore,
capacitive coupling must be the dominant mechanism for stimulation with a microcoil.

Capacitive coupling using 1 mA predicts a small electric field relative to what we
would expect for the neural threshold (10,000 mV/m). Lee et al. observed that 40 mA
currents were required for neural excitation, making our predicted electric field about
60 times smaller than the expected threshold [18]. Some combination of invalid assump-
tions in our calculation, such as the presence of a hairpin loop along the wire so the voltage
drop occurs between the two parallel wires rather than along the entire wire length, and
an overly conservative value for the neural threshold may explain the discrepancy be-
tween the predicted and expected excitation threshold. Regardless of the electric field
strength relative to the excitation threshold, our primary prediction is that the electric
field caused by capacitive coupling should be much larger than the electric field caused by
magnetic stimulation.
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