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Magnetic Stimulation Coil and Circuit Design

Kent Davey* Senior Member, IEEEBnd Charles M. Epstein

Abstract—A detailed analysis of the membrane voltage rise com- Il. CIRCUIT CONSIDERATIONS

mensurate with the electrical charging circuit of a typical magnetic . L. .
stimulator is presented. The analysis shows how the membrane 1 h€ power electronics of electromagnetic stimulator devices

voltage is linked to the energy, reluctance, and resonant frequency revolves around a capacitor driving current into the inductance
of the electrical charging circuit. There is an optimum resonantfre-  of the stimulator core. The stimulator circuit is depicted in Fig. 1
ey o ) nerve T brane dependng o is capaciive ime with Fig. 1(2) being th ful ircut and Fig. 1(0) being a sim-
will be registered or):the second phase)(/)fabighasic pulse excitatignp“ﬂed equivalent. A dc charged_capamhﬁns aIIowgd_ to res-
[1]. Typical constraints on three key quantities voltage, current, Onatea complete cycle with the inductance comprising the core
and silicone controlled rectifier (SCR) switching time dictate key head. Were there no winding resistance, this would mean that
components such as capacitance, inductance, and choice of turns.the capacitive energy 1/2 CMvould shift to inductive energy

Index Terms—Action potential, electric field, magnetic stimula- /2 LI?, and then reverse back into the capacitor; the full wave-
tion, nerve. length would require a time = 2x/LC.

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

N 1991, Barkeret al, wrote an excellent study on the ef-of that flux will link a circuit comprised of the intracellular and

fect of current waveform rise time in determining neuratxtracellular space around a nerve through the membrane wall.
excitation [2]. Following the suggestion of Plonsey [3], theyhis biological circuit is depicted in Fig. 2. The induced voltage
modeled the nerve membrane as a parallel capacitance andgenly a fraction of the flux linking the iron core winding. The
sistance, with an intracellular and extracellular resistance praembrane is characterized by a low permeability/mobility to
viding the closure path for any induced or injected currents. Then flow in its resting state. Note that the model focuses on a
energy necessary to achieve threshold stimulation was measwelothreshold state over a long nerve length. The capacitance of
as a function of B field rise time. Threshold stimulation energhe membrane wall can be expressed in terms of its permittivity
continued to drop with reduced rise time, i.e., increased resofor a per unit axial lengtld, having radius:, and thickness\
nance frequency of the magnetic stimulator. Their methods were
useful in predicting nerve membrane time constants.

Magnetic stimulation requires moving enough charge C,, = 527”%, (1)
through an electrically sensitive nerve membrane to depolarize A

it [4]; this means that the membrane voltage must be increasggk membrane resistanég,, can be expressed in terms of the

from its normal resting negative potential. Many authors haygembrane wall thicknesa and the membrane wall conduc-
attempted to offer guidelines for producing energy efficienjity +,, as

stimulation coils [5]-[7], as well in the modeling of these coils

[8]. Roth and Basser were among the first to actually model the R - A

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 1he intracellular resistance per unit lengtban be written in

within the nerve. Among the results will be suggestions abotfMs Of the intracellular conductivity;

the value of using biphasic excitation, and the importance of /

choosing the desired resonant frequency of the circuit. Actual R, =

core/coil design considerations are outside the scope of this

paper. The analysis will focus on ferromagnetic core cails, bithe extracellular resistande, is very small since the volume

the”approach and conclusions are applicable to air core coilsjg¢he extracellular space is large.

well.
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Fig. 1. Circuit for an iron core magnetic stimulator.

used for currenf(s) in the Laplace domain. The currenih the Thus, the induced voltage becomes
magnetic circuit satisfies the differential equation SENVe /R

o Vina(s) = ———<"=. (8)
. . ; 2 -
Li—i—R—L—i-i:() Ls +Rs+c
de? dt  C )
di Voo Of particular interest is the nerve membrane volt&ge Kir-
Ft=0=—1, (t=0=0. choff’s voltage law written for the biological circuit is
: : Vin = Vina  ViCms  V,
Taking the Laplace transform and us for the transformed m n mom Q. 9
g p ing) TR T2 T )

current yields the following

Rearranging terms yields the result
Ve

I(s) = — (5) 6sNVe 2R,
Ls*+ Rs+ R 2R, + R+ R
C V,rn — 'rnl T "€ (10)
The flux linking the magnetic core winding is a function of the <L52 + Rs + 5) (14 57m)
reluctancek of the magnetic circuit and the turdé as where
Crnan Rz Re
Ni Tm ( + ) zC’mRm:i_
o = ? (6) 2an + Rz + Re Om

Here the limit has been taken for largevherer,, is dependent
The induced voltage in the biological circuit will be related to anly on the constitutive properties of the membrane.
small fraction$ of the total flux through its time rate of change; Before processing (10) fully, the reader should note that the
in Laplace domain space, this becomes emphasis in this paper is not propagation, but subthreshold con-
ditions as discussed in [3]. The membrane voltage cannot be
Vi = d <6Ni> _ sONI(s) @) changed instantly; charge must accumulate on either side of the

at\ R R membrane wall, a fact well represented by the RC capacitor
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Fig. 2. Biological tissue demonstrating how a changing magnetic flux induces a voltage within a nerve fiber. (a) Electrical representatioratétagwiobfock
of the membrane wall. (b) Equivalent electrical circuit.

model. The equivalent neural time constant of that circuit wasere use has been made of the fact that N?/R. For very
the primary emphasis in [2]. Itis the dynamics of the charging short nerve fibersi,,, is a dominant resistance, but for very long
the membrane to initiate the action potential that is of primafipers with largef, the limit examined in (10)

interest. Additional subblocks could be employed in Fig. 2(a)
to more finely represent the nerve. But this would only serve
to alter the parametef, and highlight the fact that the equiva-

2an ~ 2an
2R, + R;+R.  R;

(14)

lent intracellular multiblock resistance is much greater than tf@r what follows, the resistance rat{@R,,,)/R; will be ab-

trans-cellular membrane resistance.

The energy¥ delivered to the magnetic circuit is

W =Lov2

-2

(11)

and the resonant resistance free frequency is

1

(12)

sorbed into the factof. Finally, the membrane voltage can be
written in terms of the maximum circuit ener@y and the res-
onant frequency as

56V2Ww/V/R
<32 + 24 w2> (1+ s7m)
TL

where the termr;, has been introduced to represent el
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, wheré = 3 ((4w?rf —1)/(r}t))Y/2.

Vm(s) =

(15)

In terms of these variables the numerator multiplier of (10) ca&ince (16) is quite detailed, it is best to examing for a fixed

be rewritten in terms of energy as

/L VLC TV,
SONVo /R =356\ & Vo = 56 VCVe _

CVR

V2W wL
sb .

VR
(13)

energyW, magnetic reluctanc®, and flux fractions. Typical
values for the circuit ar&? = 12.6 n2, L =20 pH, and for

the membraney,,, = 100 s. The membrane voltage for these
parameters is shown in Fig. 3 witii’’/R)'/2 = 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

(dw?r? —1) <6_(t/27") cos(f3) +

e=/2m) (27 7,07 — 1) sin(B)

_ e—(t/m))

-
2 2 m
dwtt2 77 + wr(4ri — drpT — 72) + <—

4272 — 1
CUTL (16)
_1)

7L
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Fig. 5. Minimum membrane voltage as a function of resonant frequency.
Fig. 3. Membrane voltage for three resonant frequencies.
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Fig. 6. Optimal resonant frequency as a function of membrane time constant
Fig. 4. Membrane voltage with no magnetic circuit winding resistance for™
three resonant frequencies.

extremes of 4 kHz and 20 kHz, with a small monotonic decrease
has the lowest negative peak. This is a result of the membramgnessed after 10 kHz. Note that this analysis ignores sodium
capacitance. and potassium gate phenomena which will add additional un-
The problem can be simplified considerably by ignoring resertain time dependent processes.
sistive loss which hastens the waveform decay. In this limit, the The numerator is a transcendental equation with no analytical
membrane voltage becomes solution for a minimum. The termes(wt) + w7, sin(wt) have
a minimum when

2W (cos(wt) + wry, sin(wt) — e~/ ™))

Vi, = 6 —_—
v 1+ w272

- (@7) min{cos(wt) + wry, sin(wt)} occurs when

: : . . tan! (w7,
The reader is cautioned to exercise care in the use of (17). It t= Hm—(w”

is strictly only valid when the resistance is small, i.e., when w

wrr, 2> 1. All forthcoming plots except Figs. 4 and 7 of this Equation (16) or (17) can be plotted for a band of resonant

paper are computed using (16). frequencies, seeking,, /6 at the time consistent with (18). Fix
The equivalent plot to that of Fig. 3 without loss is showthe inductance, reluctance, resistance, and capacitance voltage

in Fig. 4. Because the resistance is small, little is changedtdt21.8;:H, 5.55 1§ H~!, 12.6 nf2 (6.1 m of #8 copper wire),

is clear that the membrane capacitance contributes to the ard 1500 V, respectively. Even with this resistance the absolute

ponential decay term in (17). This is the reason that the secoradue of the second negative, third-quarter minimum is 23%

negative phased pulse is deeper than the positive going wavelager than the maximum of the first quarter wave peak. A

with Fig. 3, an optimal resonant frequency occurs between theaph is obtained by allowing the capacitance to span a range

(18)
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* tion is that the smaller nerve fiber has a smaller optimal reso-

-0.96/ -
nance frequency.

e

— - Membrane time constant = 150 u

-0.981

-1

-1.02

-1.04/

Normalized minimum Vm /f

-1.06

—— Membrane time constant = 140 uj

The results summarized in (16) and (17) lead to several im-
=1 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)
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2
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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

Fig. 7. Membrane voltag¥,,, 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 7, =125y is a plot clos_ely (_jelivering the optimal circuit voltage can be increased to maintain constant enfgy
resonance frequency shown in Fig. 5. The results are computeql) Use a biphasic excitation circuit, since the membrane

ot s S s e UL 055 ST capactance il sy isure ' decper mentrane
less timegfor thepex onenﬂﬁ] szl,eca to%am enqthe in)(/iuced voltage dip using representative resistances during the
P / Y pen second portion of the wave. This result is supported by
membrane voltage. The plots were computed directly over a -
the recent empirical data of Maccabee [10].

range of frequencies, and the minimum computed; in addmonRecommendations 1 and 3 are prone at the writing of this

the minimum was computed directly using (18). The close o o
agreement demonstrates the accuracy of (18) in predicting grPer to be limited by hardware. The switching apparatus and

: : Insulation requirement considerations limit:
peak even in a lossy conteRemember that the negative peaks . i
are being plottedThe plot would suggest that a resonant fre- &) the maximum operating voltage;
quency closer to 10 kHz would be ideal for realizing excitation P) the maximum operating current;
with the smallest energy for this nerve fiber with = 125 s. ¢) the maximum resonance frequency that can safely be used

Frequently, component restrictions begin to cause problems {0 Shutoffthe thyristor before a double firing of that com-
before that limit is reached. ponent is witnessed. This number is close to 5 kHz for

Barker [2, Table 1l1] lists a set of mean values for this key present state of the art stud mounted SCR devices per

time constantr,,, obtained through threshold stimulation on a tmu?r?_l:)f;lgtrl:]ree;;r fﬁgwgired;tlggsu(teé%é Power x). Their
number of patients. Their results indicated that these time con- o '

stants ranged from,, = 121423 us for peripheral stimulation ~ When the voltagé’c., I, andw are limited, the components
tor,, = 152+ 26 us for cortical stimulation. Their ranges confor the stimulator are fixed. As will be s_hown_shortly, the
sidered different degrees of stimulation as well. Shown in Fig/B!mber of turnsN" does not affect the stimulation voltage,
is the optimunm circuit resonant frequency as a function of merut lowering the exciting circuit resistance W|II_ help increase
brane time constant,, both with and without losses, with theth® membrane voltage. This argues for lowering the number
lossy circuit delivering the higher optimal resonant frequenc§f turns. Thus, it forces circuit designer to make the circuit
The resistance, inductance, and energy parameters are idenfi&fimum/! as large as possible.

to Fig. 5. Itis clear from (10) that small nerve fibers have large
values ofr,,.

Shown in Fig. 7 is the minimumegative pealfor V,,, as a
function of resonant frequency, assuming the resistance of the>UPPOse for the sake of argument that the U.S. Food and Drug

winding is minimal. The plot is performed under the same Coﬁ_dministrat?on (FDA) and component limitations suggest the
ditions as Fig. 3. The larger time constant, 1&0 corresponds 'ree following limitationsy” = 2kV, I = 3kA, and acomplete
to a smaller fiber. The firstimportant observation is that the ne&ycle angular frequency

ative peak of the larger nerve fiber is greater than for the smaller

fiber with the higher time constany, as expected, since smaller 2
fibers are known to be harder to stimulate. The second observa- “= 300 1S

IV. CONFIGURATION EXAMPLE

= 31416.

(19)
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Thyristor shutoff times can be a limiting factor how high the redional to the time rate of change of flui®/dt. This quantity
onant frequency can be raised. If possible the designer shocdoh be rearranged in terms of the capacitor voltdgas
design for the frequency dictated by Fig. 6. (Powerx is stating

that new hockey puck SCR’s are becoming available with a full ae _ wNI _ NI 1 N ¢ 1 _NW

cycle time constant of 80-9@s, shut-off time 4Qus). The re-  dt R Rvic R NIy RL

luctance of the core should be as small as possible; some artis , (29)
involved in the core design since this has to do with tissue deptf'C€ inductance is related 16 and as
and target span area. Analytically, the reluctance is the magnetic N2
length divided by the product of the core area, and circuit per- L= R (26)
meability. This r_eluctance must be computed numerically US"?I% final conclusion would result as
boundary or finite element software for any accuracy. A typ-
ical value for a transcranial brain stimulator half toroid span- ae _ E 27)
ning 220 made of 3% grain oriented steel is 5.55 1) 1. The dt N
two constraints to be enforced relate to energy and resonant fignong the erroneous conclusions drawn from (27) would be
quency the following.

1) Changing charging circuit capacitance would have no ef-

FOVZ =311 (20) fect on nerve stimulation.
1 2) Changing the magnetic reluctarigavould have no effect
w= VIO (1) on nerve stimulation.

3) Decreasing the number of turns should help stimulate
Combining these two constraints yields the capacitari@nd more nerve fibers.
inductancel’ as In actuality the following is true:

I 1) If the energy is held constant, than lowering the capaci-
C =— =47.75 uF (22)

tance increases the resonant frequency and leads to larger
1% membrane voltage changes.
L= o= 21.22 pH. (23) 2) Lowering the magnetic circuit reluctance, lowers the res-
onant frequency, but increases the achievable membrane
In terms of the above computed reluctance, the number of turns ~ voltage change due to the\AR multiplier in (16).

Vw

would be 3) Changing the number of turns (e.g., 11 to 9) does not
appreciably change the achievable membrane voltage. An
N=VILR = \/(21.22 *107°%)(5.55 % 10%) = 10.85 turns advantage is realized to the extent that the total circuit
(24) resistance is lowered. In practical circuits, this resistance
This would be the “ideal” component selection for these con- s typically dominated by parasitic connections and losses
ditions. The only way to improve the nerve stimulation further in the thyristor.
would be to insure that the field from the laminated iron link the
target region more effectively, thus, reducing reluctaRcén VI. CONCLUSION

adjustment of the turns would be necessary in that event. A coupled magnetic circuit-biological circuit has been

IThe relucéancef_lsdobr;[amedd using abfoundary EIemerg_orfmﬂﬁmulated in order to predict the conditions for optimizing
element code to find the Inductance of a one turn winding Cafe e membrane stimulation. The circuit was formulated using

rying the full set of amp-turns under saturation. The design pf,, 5 e transform theory. The results of the analysis yield the
the core is determined by the width and depth of the target rf?)llowing four design guidelines.

gion, and the weight constraint suggested by the physician. Forl) Maximize the ener
TMS applications, the core is positioned near a motor threshold ximiz gy.

point manually, and must be manageable by hand. Getting the2) Minimize the reluctance.

reluctance in practice is an iterative process. The number of3) vAerzu;gS;ﬁ?:?edan‘vT:iIaEIIrtz)g(());:rftvflrceesugi\éeIonpe,aarslp(;riljz-
turns is guessed initially. The numerical code returns the re- yhig q Y :

luctance. The turns then follow through (24). The amp-turns 4) U:stzr?ézha.slllifxglt:t.'r?g fg?ggngf:]:mn;?;gagﬁgaé
are then updated and the process repeated to obtain the reluc- paci WIF always Insu P voltag

tance under saturation. These numerical procedures and the COE,\ d”e(;ireaS(randurr:n%tthe;g(;ondngrt:]onhofvthivxllfve. rent
shape are beyond the scope of this paper. ealistic components and reguiations have voltage, current,

and switching time limitations. Switching times for stud
mounted SCR’s are about 2Q(; this is about twice the 100
1S suggested by the theoretical model. The stimulation core
must always be designed to deliver the minimum magnetic
A number of erroneous conclusions result from ignoring thercuit reluctance under load. This implies a laminated high
membrane capacitance, and focusing only on the exciting giermeability, low-saturation material having pole spans and
cuit. Suppose that all membrane effects are ignored. The head depths sufficient to avoid undue saturation. A detailed
duced membrane voltage in the circuit of Fig. 2 will be propoanalysis of the design of the core head toward this goal requires

V. FALLACIOUS CONCLUSIONS THAT RESULT FROMIGNORING
THE MEMBRANE CAPACITANCE
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a good numerical analysis tool, and is discussed in [11]{10] P.J. Maccabee, S. S. Nagarajan, V. E. Amassian, D. M. Durand, R. Q.
Once the maximum operating voltage, current, and minimum  €racco, A. Z. Szabo, A. Ahad, K. S. Lai, and L. P. Eberle, “Optimal

itchi ti tablished. the capacitance. inductance polarity sequence for exciting human and porcine peripheral nerve
switching time are establi o . paci '_' u ~¥=1 with neuromagnetic stimuli: With computer simulation]”” Physiol.
and number of turns for the stimulation core are fixed. Avoid (London) vol. 513, no. 2, pp. 571-585, 1998.
making erroneous design considerations without considerin@ll K. Davey, “Optimizing transcranial magnetic stimulation cores,” in

. IEEE CEFC 2000 ConfMilwaukee, WI, June 4-7, 2000.

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 -
lower circuit capacitancé€’ and increase voltage. Changing
the number of turns for a constant energy system has no eff
on membrane voltage by itself if the circuit resistance is ke
the same; lowering the number of turns is only helpful in that
encourages a lower circuit resistance.
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