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Magnetic Stimulation Coil and Circuit Design
Kent Davey*, Senior Member, IEEE,and Charles M. Epstein

Abstract—A detailed analysis of the membrane voltage rise com-
mensurate with the electrical charging circuit of a typical magnetic
stimulator is presented. The analysis shows how the membrane
voltage is linked to the energy, reluctance, and resonant frequency
of the electrical charging circuit. There is an optimum resonant fre-
quency for any nerve membrane depending on its capacitive time
constant. The analysis also shows why a larger membrane voltage
will be registered on the second phase of a biphasic pulse excitation
[1]. Typical constraints on three key quantities voltage, current,
and silicone controlled rectifier (SCR) switching time dictate key
components such as capacitance, inductance, and choice of turns.

Index Terms—Action potential, electric field, magnetic stimula-
tion, nerve.

I. INTRODUCTION

I N 1991, Barkeret al., wrote an excellent study on the ef-
fect of current waveform rise time in determining neural

excitation [2]. Following the suggestion of Plonsey [3], they
modeled the nerve membrane as a parallel capacitance and re-
sistance, with an intracellular and extracellular resistance pro-
viding the closure path for any induced or injected currents. The
energy necessary to achieve threshold stimulation was measured
as a function of B field rise time. Threshold stimulation energy
continued to drop with reduced rise time, i.e., increased reso-
nance frequency of the magnetic stimulator. Their methods were
useful in predicting nerve membrane time constants.

Magnetic stimulation requires moving enough charge
through an electrically sensitive nerve membrane to depolarize
it [4]; this means that the membrane voltage must be increased
from its normal resting negative potential. Many authors have
attempted to offer guidelines for producing energy efficient
stimulation coils [5]–[7], as well in the modeling of these coils
[8]. Roth and Basser were among the first to actually model the
stimulation of a single fiber by electromagnetic induction [9].

The object of this research is to offer design considerations
from coupling analytically the electromagnetic circuit to that
within the nerve. Among the results will be suggestions about
the value of using biphasic excitation, and the importance of
choosing the desired resonant frequency of the circuit. Actual
core/coil design considerations are outside the scope of this
paper. The analysis will focus on ferromagnetic core coils, but
the approach and conclusions are applicable to air core coils as
well.
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II. CIRCUIT CONSIDERATIONS

The power electronics of electromagnetic stimulator devices
revolves around a capacitor driving current into the inductance
of the stimulator core. The stimulator circuit is depicted in Fig. 1
with Fig. 1(a) being the full circuit, and Fig. 1(b) being a sim-
plified equivalent. A dc charged capacitoris allowed to res-
onate a complete cycle with the inductance comprising the core
head. Were there no winding resistance, this would mean that
the capacitive energy 1/2 CVwould shift to inductive energy
1/2 LI , and then reverse back into the capacitor; the full wave-
length would require a time .

The magnetic flux from the inductor core is driven into bi-
ological tissue; the time changing flux will induce a voltage
through the tissue linked by the flux. Of course only a fraction
of that flux will link a circuit comprised of the intracellular and
extracellular space around a nerve through the membrane wall.
This biological circuit is depicted in Fig. 2. The induced voltage
is only a fraction of the flux linking the iron core winding. The
membrane is characterized by a low permeability/mobility to
ion flow in its resting state. Note that the model focuses on a
subthreshold state over a long nerve length. The capacitance of
the membrane wall can be expressed in terms of its permittivity

for a per unit axial length, having radius , and thickness
as

(1)

The membrane resistance can be expressed in terms of the
membrane wall thickness and the membrane wall conduc-
tivity as

(2)

The intracellular resistance per unit lengthcan be written in
terms of the intracellular conductivity

(3)

The extracellular resistance is very small since the volume
of the extracellular space is large.

III. A NALYSIS

The problem degenerates to solving both a magnetic circuit
and a coupled biological circuit. Because the current in the bio-
logical tissue is so very small, the problem is not truly a coupled
circuit problem since the biological circuit current does not af-
fect the magnetic circuit. Henceforth, lower casewill be used
for current in the time domain, while upper casewill be
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Fig. 1. Circuit for an iron core magnetic stimulator.

used for current in the Laplace domain. The currentin the
magnetic circuit satisfies the differential equation

(4)

Taking the Laplace transform and using for the transformed
current yields the following

(5)

The flux linking the magnetic core winding is a function of the
reluctance of the magnetic circuit and the turns as

(6)

The induced voltage in the biological circuit will be related to a
small fraction of the total flux through its time rate of change;
in Laplace domain space, this becomes

(7)

Thus, the induced voltage becomes

(8)

Of particular interest is the nerve membrane voltage. Kir-
choff’s voltage law written for the biological circuit is

(9)

Rearranging terms yields the result

(10)

where

Here the limit has been taken for large, where is dependent
only on the constitutive properties of the membrane.

Before processing (10) fully, the reader should note that the
emphasis in this paper is not propagation, but subthreshold con-
ditions as discussed in [3]. The membrane voltage cannot be
changed instantly; charge must accumulate on either side of the
membrane wall, a fact well represented by the RC capacitor
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(a) (b)

Fig. 2. Biological tissue demonstrating how a changing magnetic flux induces a voltage within a nerve fiber. (a) Electrical representation of a two-patch subblock
of the membrane wall. (b) Equivalent electrical circuit.

model. The equivalent neural time constant of that circuit was
the primary emphasis in [2]. It is the dynamics of the charging of
the membrane to initiate the action potential that is of primary
interest. Additional subblocks could be employed in Fig. 2(a)
to more finely represent the nerve. But this would only serve
to alter the parameter, and highlight the fact that the equiva-
lent intracellular multiblock resistance is much greater than the
trans-cellular membrane resistance.

The energy delivered to the magnetic circuit is

(11)

and the resonant resistance free frequency is

(12)

In terms of these variables the numerator multiplier of (10) can
be rewritten in terms of energy as

(13)

Here use has been made of the fact that . For very
short nerve fibers, is a dominant resistance, but for very long
fibers with large , the limit examined in (10)

(14)

For what follows, the resistance ratio will be ab-
sorbed into the factor. Finally, the membrane voltage can be
written in terms of the maximum circuit energy and the res-
onant frequency as

(15)

where the term has been introduced to represent the
time constant. The inverse Laplace transform delivers the mem-
brane voltage as a function of time as is shown in (16) at the
bottom of the page, where .
Since (16) is quite detailed, it is best to examine for a fixed
energy , magnetic reluctance, and flux fraction . Typical
values for the circuit are 12.6 m , 20 H, and for
the membrane, 100 s. The membrane voltage for these
parameters is shown in Fig. 3 with 1. Note that
the absolute value of the second negative peak is greater than the
first positive peak. Also note that the middle resonant frequency

(16)
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Fig. 3. Membrane voltage for three resonant frequencies.

Fig. 4. Membrane voltage with no magnetic circuit winding resistance for
three resonant frequencies.

has the lowest negative peak. This is a result of the membrane
capacitance.

The problem can be simplified considerably by ignoring re-
sistive loss which hastens the waveform decay. In this limit, the
membrane voltage becomes

(17)

The reader is cautioned to exercise care in the use of (17). It
is strictly only valid when the resistance is small, i.e., when

. All forthcoming plots except Figs. 4 and 7 of this
paper are computed using (16).

The equivalent plot to that of Fig. 3 without loss is shown
in Fig. 4. Because the resistance is small, little is changed. It
is clear that the membrane capacitance contributes to the ex-
ponential decay term in (17). This is the reason that the second
negative phased pulse is deeper than the positive going wave. As
with Fig. 3, an optimal resonant frequency occurs between the

Fig. 5. Minimum membrane voltage as a function of resonant frequency.

Fig. 6. Optimal resonant frequency as a function of membrane time constant
� .

extremes of 4 kHz and 20 kHz, with a small monotonic decrease
witnessed after 10 kHz. Note that this analysis ignores sodium
and potassium gate phenomena which will add additional un-
certain time dependent processes.

The numerator is a transcendental equation with no analytical
solution for a minimum. The terms have
a minimum when

occurs when

(18)

Equation (16) or (17) can be plotted for a band of resonant
frequencies, seeking at the time consistent with (18). Fix
the inductance, reluctance, resistance, and capacitance voltage
to 21.8 H, 5.55 10 H , 12.6 m (6.1 m of #8 copper wire),
and 1500 V, respectively. Even with this resistance the absolute
value of the second negative, third-quarter minimum is 23%
larger than the maximum of the first quarter wave peak. A
graph is obtained by allowing the capacitance to span a range
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Fig. 7. Membrane voltageV as a function of resonant frequency.

of values, but scaling the voltage as the inverse square root of
capacitance so the energy remains fixed at 84.4 J. The result
for 125 s is a plot closely delivering the optimal circuit
resonance frequency shown in Fig. 5. The results are computed
with and without losses, and clearly indicate that a lossy system
has a higher optimal frequency; the higher frequency allows
less time for the exponential decay to dampen the induced
membrane voltage. The plots were computed directly over a
range of frequencies, and the minimum computed; in addition
the minimum was computed directly using (18). The close
agreement demonstrates the accuracy of (18) in predicting the
peak even in a lossy context.Remember that the negative peaks
are being plotted.The plot would suggest that a resonant fre-
quency closer to 10 kHz would be ideal for realizing excitation
with the smallest energy for this nerve fiber with 125 s.
Frequently, component restrictions begin to cause problems
before that limit is reached.

Barker [2, Table III] lists a set of mean values for this key
time constant obtained through threshold stimulation on a
number of patients. Their results indicated that these time con-
stants ranged from s for peripheral stimulation
to s for cortical stimulation. Their ranges con-
sidered different degrees of stimulation as well. Shown in Fig. 6
is the optimum circuit resonant frequency as a function of mem-
brane time constant both with and without losses, with the
lossy circuit delivering the higher optimal resonant frequency.
The resistance, inductance, and energy parameters are identical
to Fig. 5. It is clear from (10) that small nerve fibers have large
values of .

Shown in Fig. 7 is the minimumnegative peakfor as a
function of resonant frequency, assuming the resistance of the
winding is minimal. The plot is performed under the same con-
ditions as Fig. 3. The larger time constant, 150s, corresponds
to a smaller fiber. The first important observation is that the neg-
ative peak of the larger nerve fiber is greater than for the smaller
fiber with the higher time constant as expected, since smaller
fibers are known to be harder to stimulate. The second observa-

tion is that the smaller nerve fiber has a smaller optimal reso-
nance frequency.

The results summarized in (16) and (17) lead to several im-
portant conclusions. To maximize nerve cell stimulation the fol-
lowing should be observed.

1) Maximize the energy.
2) Minimize the reluctance comprising the magnetic circuit

as consistent with the final result in (16). A laminated or
tape wound steel core is preferred over air. With magnetic
fields characterizing much work in this area where the
B field is greater than 1.5 T at the source, a laminated
supermendur core which saturates at 2.2 T is preferred
over a ferrite core which saturates at 0.45 T, since the
latter would have a low reluctance in saturation.

3) Aspire toward a high resonant frequency; depending on
the size of the nerve fiber, and target region; this optimal
resonant frequency is probably between 9 and 11 kHz in
a typical lossy circuit. The resonance frequency can be
increased by lowering the turns on the inductor core or
by lowering the capacitance, or by lowering both. The
inductance of the magnetic circuit becomes dominated
by leakage if the turns are too low. If the capacitance is
lowered, this recommendation assumes that the operating
voltage can be increased to maintain constant energy.

4) Use a biphasic excitation circuit, since the membrane
capacitance will always insure a deeper membrane
voltage dip using representative resistances during the
second portion of the wave. This result is supported by
the recent empirical data of Maccabee [10].

Recommendations 1 and 3 are prone at the writing of this
paper to be limited by hardware. The switching apparatus and
insulation requirement considerations limit:

a) the maximum operating voltage;
b) the maximum operating current;
c) the maximum resonance frequency that can safely be used

to shut off the thyristor before a double firing of that com-
ponent is witnessed. This number is close to 5 kHz for
present state of the art stud mounted SCR devices per
manufacturer’s recommendations (e.g., Power x). Their
turn-off time for a half cycle is about 90s.

When the voltage , and are limited, the components
for the stimulator are fixed. As will be shown shortly, the
number of turns does not affect the stimulation voltage,
but lowering the exciting circuit resistance will help increase
the membrane voltage. This argues for lowering the number
of turns. Thus, it forces circuit designer to make the circuit
maximum as large as possible.

IV. CONFIGURATION EXAMPLE

Suppose for the sake of argument that the U.S. Food and Drug
Administration (FDA) and component limitations suggest the
three following limitations: 2 kV, 3 kA, and a complete
cycle angular frequency

s
(19)
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Thyristor shutoff times can be a limiting factor how high the res-
onant frequency can be raised. If possible the designer should
design for the frequency dictated by Fig. 6. (Powerx is stating
that new hockey puck SCR’s are becoming available with a full
cycle time constant of 80–90s, shut-off time 40 s). The re-
luctance of the core should be as small as possible; some art is
involved in the core design since this has to do with tissue depth
and target span area. Analytically, the reluctance is the magnetic
length divided by the product of the core area, and circuit per-
meability. This reluctance must be computed numerically using
boundary or finite element software for any accuracy. A typ-
ical value for a transcranial brain stimulator half toroid span-
ning 220 made of 3% grain oriented steel is 5.55 10H . The
two constraints to be enforced relate to energy and resonant fre-
quency

(20)

(21)

Combining these two constraints yields the capacitanceand
inductance as

F (22)

H (23)

In terms of the above computed reluctance, the number of turns
would be

turns
(24)

This would be the “ideal” component selection for these con-
ditions. The only way to improve the nerve stimulation further
would be to insure that the field from the laminated iron link the
target region more effectively, thus, reducing reluctance. An
adjustment of the turns would be necessary in that event.

The reluctance is obtained using a boundary element or finite
element code to find the inductance of a one turn winding car-
rying the full set of amp-turns under saturation. The design of
the core is determined by the width and depth of the target re-
gion, and the weight constraint suggested by the physician. For
TMS applications, the core is positioned near a motor threshold
point manually, and must be manageable by hand. Getting the
reluctance in practice is an iterative process. The number of
turns is guessed initially. The numerical code returns the re-
luctance. The turns then follow through (24). The amp-turns
are then updated and the process repeated to obtain the reluc-
tance under saturation. These numerical procedures and the core
shape are beyond the scope of this paper.

V. FALLACIOUS CONCLUSIONS THATRESULT FROMIGNORING

THE MEMBRANE CAPACITANCE

A number of erroneous conclusions result from ignoring the
membrane capacitance, and focusing only on the exciting cir-
cuit. Suppose that all membrane effects are ignored. The in-
duced membrane voltage in the circuit of Fig. 2 will be propor-

tional to the time rate of change of flux . This quantity
can be rearranged in terms of the capacitor voltageas

(25)
Since inductance is related to and as

(26)

the final conclusion would result as

(27)

Among the erroneous conclusions drawn from (27) would be
the following.

1) Changing charging circuit capacitance would have no ef-
fect on nerve stimulation.

2) Changing the magnetic reluctancewould have no effect
on nerve stimulation.

3) Decreasing the number of turns should help stimulate
more nerve fibers.

In actuality the following is true:

1) If the energy is held constant, than lowering the capaci-
tance increases the resonant frequency and leads to larger
membrane voltage changes.

2) Lowering the magnetic circuit reluctance, lowers the res-
onant frequency, but increases the achievable membrane
voltage change due to the 1/ multiplier in (16).

3) Changing the number of turns (e.g., 11 to 9) does not
appreciably change the achievable membrane voltage. An
advantage is realized to the extent that the total circuit
resistance is lowered. In practical circuits, this resistance
is typically dominated by parasitic connections and losses
in the thyristor.

VI. CONCLUSION

A coupled magnetic circuit–biological circuit has been
formulated in order to predict the conditions for optimizing
nerve membrane stimulation. The circuit was formulated using
Laplace transform theory. The results of the analysis yield the
following four design guidelines.

1) Maximize the energy.
2) Minimize the reluctance.
3) As budget and availability of devices develop, aspire to-

ward a sufficiently high resonant frequency, near 10 kHz.
4) Use a biphasic excitation circuit, since the membrane ca-

pacitance will always insure a deeper membrane voltage
decrease during the second portion of the wave.

Realistic components and regulations have voltage, current,
and switching time limitations. Switching times for stud
mounted SCR’s are about 200s; this is about twice the 100

s suggested by the theoretical model. The stimulation core
must always be designed to deliver the minimum magnetic
circuit reluctance under load. This implies a laminated high
permeability, low-saturation material having pole spans and
head depths sufficient to avoid undue saturation. A detailed
analysis of the design of the core head toward this goal requires
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a good numerical analysis tool, and is discussed in [11].
Once the maximum operating voltage, current, and minimum
switching time are established, the capacitance, inductance,
and number of turns for the stimulation core are fixed. Avoid
making erroneous design considerations without considering
the effect of the nerve membrane capacitance.

For a fixed energy, three changes that help increase mem-
brane voltage are 1) keeping the reluctance low, 2) keeping the
resonant frequency up near 7.25–8.75 kHz, and 3) keeping the
exciting circuit resistance small. One way to achieve 2) is to
lower circuit capacitance and increase voltage. Changing
the number of turns for a constant energy system has no effect
on membrane voltage by itself if the circuit resistance is kept
the same; lowering the number of turns is only helpful in that it
encourages a lower circuit resistance.
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