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Coil Efficiency for Inductive Peripheral
Nerve Stimulation

Philipp Braun , Jonathan Rapp , Werner Hemmert , and Bernhard Gleich

Abstract— Magnetic stimulation of peripheral nerves is
evoked by electric field gradients caused by high-intensity,
pulsed magnetic fields created from a coil. Currents
required for stimulation are very high, therefore devices are
large, expensive, and often too complex for many applica-
tions like rehabilitation therapy. For repetitive stimulation,
coil heating due to power loss poses a further limitation. The
geometry of the magnetic coil determines field depth and
focality, making it the most important factor that determines
the current required for neuronal excitation. However, the
comparison between different coil geometries is difficult
and depends on the specific application. Especially the
distance between nerve and coil plays a crucial role. In this
investigation, the electric field distribution of 14 different
coil geometries was calculated for a typical peripheral
nerve stimulation with a 27 mm distance between axon
and coil. Coil parameters like field strength and focality
were determined with electromagnetic field simulations. In a
second analysis, the activating function along the axon was
calculated, which quantifies the efficiency of neuronal stim-
ulation. Moreover, coil designs were evaluated concerning
power efficacy based on ohmic losses. Our results indicate
that power efficacy of magnetic neurostimulation can be
improved significantly by up to 40% with optimized coil
designs.

Index Terms— Coil design, magnetic stimulation, field
simulation, peripheral stimulation.

I. INTRODUCTION

TRANSCRANIAL magnetic stimulation (TMS) is already
established for various diagnostic and therapeutic treat-

ments [1], [2], and most stimulation devices and coils are
optimized for this application [3]–[6]. A drawback of magnetic
nerve stimulation are the high voltages and currents, which
require large stimulation devices and coils. These devices
are not energy efficient and heating of the stimulation coils
becomes a problem when repetitive stimulation is required.
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In this respect, the application-specific optimization of the
stimulation coils is crucial: if the efficiency of the nerve
stimulation was improved, this would directly entail lower
stimulation currents and voltages, smaller devices with better
energy efficiency, and less heating of the coils.

Requirements of the magnetic coil for peripheral nerve stim-
ulation are of increasing interest, especially for applications
in rehabilitation therapy [7]–[9]. Due to recent developments,
public attention has been drawn to respiratory diseases, which
might increase the demand for therapy methods concerning
lung functionality. Peripheral magnetic stimulation is a promis-
ing technique for such treatments, in particular the excitation
of the phrenic nerve [10]–[14]. Stimulation of the phrenic
nerve at the neck has the potential to train the diaphragm
and avoid ventilator-induced diaphragm dysfunction [15]–[17].
An established tool to activate or restore muscle function
is electric stimulation. Compared to those therapies, which
use electrodes to deliver the required electric field, magnetic
stimulation benefits from being non-invasive and contactless.
This maximizes patient comfort and also eliminates risks from
potential surgical interventions. Another advantage compared
to electric stimulation is the relatively uniform distribution of
magnetic permeability in the tissue, which makes it possible to
control the magnetic field distribution precisely [18]. However,
one large disadvantage comes from the fact that a considerably
higher amount of energy is required for magnetic stimula-
tion, therefore devices are large and expensive. Reducing the
required energy would allow a broader field of applications for
magnetic stimulation. Precise adjustments of all stimulation
parameters are required [2], and the coil geometry is an
essential aspect.

To reach this goal, large effort has already been put into
the investigation of coil geometries and optimizing field dis-
tributions for TMS, as it is the most prominent area for mag-
netic stimulation [3]–[5], [19], [20]. For TMS, field focality
plays a crucial role, since the stimulation of nearby tissue
can yield critical side effects. Many authors have evaluated
the influence of coil design on focal magnetic stimulation,
but they mostly focused on the electric field strength and
focality [6], [21]–[25]. However, peripheral nerve stimulation
has different requirements than TMS. First, in contrast to
the central nervous system, the stimulus does not have to
overcome the periencephalic layers, which reduce the required
electromagnetic field significantly [1]. Second, motor neurons
are larger and hence, easier to be stimulated than axons in the
brain [26], [27]. A crucial limitation for therapeutical applica-
tions is the requirement of repetitive pulses [28]. Together with
current strength, the frequency of repetitive stimulation deter-
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mines coil heating and thus, affecting treatment time or cooling
requirements. Focality, in terms of peripheral stimulation,
depends on the specific application. Whereas a focal field
might be an advantage in some cases to avoid the stimulation
of nearby tissue, a broad field might be desired to easier
find the target nerve in other cases. Therefore, for the use of
magnetic stimulation in peripheral rehabilitation applications,
focality and field strength might not have the highest priority.
Instead, reducing the energy and more compact devices are
more achievable and relevant for therapy. Some techniques for
optimized coil design have been proposed, including the use
of iron cores or boundary elements method [29]–[31]. These
methods are generic and can be applied to most coil designs.
However, a comprehensive coil comparison considering field
efficiency and power efficacy has not been done so far.

In this work, we consider (1) the field efficiency and
(2) the power efficacy based on ohmic losses. First, we cal-
culated the spatial field distribution for all coils with the
same coil current, and compared the field efficiency using the
activating function (AF) along an axon [32], [33]. Second,
we scaled the coil current such, that all coils achieved the
same AF amplitude. Based on that coil current, the power
efficacy of each coil was determined using the ohmic losses.

The analyzed coil geometries are based on either already
commercially available coils such as the Figure-Of-8 coil
(FO8) or Single Coil [34], include slight modifications,
or were proposed by other researchers. The Slinky-3 and 3D
Differential coil were proposed by Cret et al. [21] and the
modified FO8 is based on the work of Kato et al. [22], [23].
The cornered coils are based on the work of Fang et al. [35].
In general, only idealized coil geometries will be discussed,
which do not include the wiring to the external current supply.
However, for some coil geometries both a “realistic” as well
as a more “ideal” structure will be introduced. This allows to
compare the results of both to verify the general use of ide-
alized shapes, thus, reducing computation time significantly.
All of the proposed coil configurations aim to either increase
field focality, field strength, or both at the cost of wire length.
The optimal configuration must be chosen such that the energy
requirement is minimal and yet the desired nerve stimulation
is achieved.

II. METHODS

Different coil geometries produce different spatial distribu-
tions of the electric field. We evaluated the resulting electric
fields according to the stimulation strength and the focality.
The stimulation strength is related to the spatial derivative
of the electric field and is quantified by the AF along the
target axon [32]. Field focality is based on the spread of
the electric field. To relate the field efficiency to the power
efficacy, we compared the ohmic losses based on the AF. This
allows the discussion of the stimulation efficacy of each coil
geometry.

A. Analyzed Coil Geometries

The electric field data is generated using CST Studio Suite
(Dassault Systèmes Simulia), a computational electromag-
netics tool, that uses the finite-element method, the finite

integration technique and the transmission-line matrix method
to provide efficient and effective solvers for the Maxwell equa-
tions. In particular, Ampère’s law and the Maxwell-Faraday
equation are employed to calculate the electric field based
on the coil current. CST’s calculations of the electromagnetic
field are based on Maxwell’s grid equation approach. We used
CST’s low frequency magnetoquasistatic solver, which is
suitable for problems in areas significantly smaller than the
wavelength. The boundary box had a size of 400 × 400 ×
100 mm in x , y and z direction, which was large compared to
the dimensions of the coil (≈200 × 100 × 7 mm). The axon
to calculate the AF is running in y-direction at x = 0 and
the coils are placed at a distance z = 27 mm in the xy-plane.
The transverse electric field at the boundary was set to zero,
assuming that it was far enough for any relevant contribution.
The material inside the boundary box was saline solution.

The analyzed coil geometries are shown in Figure 1.
Models of Single Coil, FO8 and Two FO8 were imple-
mented twice, one idealized and one realistic version
(Figure 1a and 1b, 1e and 1f, 1m and 1l). Realistic coil
models consisted of only one single wire, whereas the other
coil geometries were modelled with several independent wire
segments. The realistic versions imitate an external power
supply, which produces the desired shape of the current.
The use of realistic structures allows to obtain more realistic
electric field distributions as well as a more precise calculation
of the ohmic losses. However, it comes at the expense of
higher computational time as well as the possible emergence of
undesirable artefacts in the spatial distribution of the electric
field. Hence, the difference between the results of realistic
and ideal coils will be shortly discussed in order to justify the
simplification. All coils are wired in a single layer, except
the Two FO8s coils, where two coils are stacked, and the
Slinky-3, 3D Differential and Bent Solenoid, which include
tilted coils. The spacing between the stacked coils is 25 mm
and the distance between coil and axon refers to the closest
point of the coil to the axon.

The current in each coil segment is given by I (t) =
I0 · sin(2 π f t), with a frequency of f = 10 kHz and a peak
current I0 = 6 kA. These are typical parameters for magnetic
stimulation [4], [20], [36]. A frequency of 10 kHz corresponds
to a pulse length of 100 μs for biphasic pulses, which is
shorter than the pulses of most available stimulator types.
Nevertheless, a shorter pulse length requires less threshold
current and is more efficient, whereas a pulse length of 100 μs
is still in the feasible range of device development [37].
Higher frequencies in the coil lead to increasing relevance
of skin effect and proximity effect and therefore, the choice
of the conductor material plays a crucial role. In this work,
we assume the conductor in the coil to be a high-frequency litz
wire. Since the single wires in high frequency litzes are thin
enough, increasing resistance due to skin and proximity effect
are negligible [38]. Higher efficiency for litz wire compared
to solid copper has been shown by [39], [40].

A rectangular wire with a cross-section of 7 mm×3 mm was
used for each proposed coil configuration. The wire was made
of high frequency copper litz wire. High frequency litz wire
includes insulation layers and air between the single strands,
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Fig. 1. Tested coil geometries; realistic structures refer to a more realistic wiring geometry, which imitates an external current source; (o) Coordinate
system in relation to coil; (p) Dimensions of the coils; Further information about the coils and the axon position can be found in Figure S1 in the
supplementary material.

reducing the percentage of conducting copper. Typically, the
copper fill factor is between 65% and 80% (e.g. RUPALIT
Profile, Rudolf Pack GmbH & Co. KG, Gummersbach,
Germany). Without loss of generality, we assume a copper fill
factor of 72.5% (average fill factor) resulting in a conductivity
for the wire σ = 4.2 ·107 S

m (to be scaled for other copper fill
factors). The outermost radius for one coil segment was set to
43 mm (Figure 1p). The distance between two coils in a plane
was 12 mm except for the Bent Solenoid geometry, where it
was 30 mm. Each of the considered coils had N = 9 windings
spaced 0.15 mm apart from each other.

Within this work, we have compared single coils
(Figure 1b,1c,1d), multi-coil arrangements (1f,1h,1i,1j,1k,
1l,1n) and a modified version of the FO8 (1g) with tighter
winding in the coil center. The latter one is discussed sep-
arately, as its wire length is shorter having only N = 6
windings. To allow a comparison between FO8 and Modified
FO8, an additional FO8 model with only N = 6 instead of
N = 9 windings was created. For the multi-coil arrangements,
the coils were connected in series as pictured in Figure 1e.
All coil segments were driven with the same current and the
current density was assumed constant across the wire cross
section. In all multi-coil arrangements, the current in the single
coils ran in the same direction at the center of the coil, which
causes the field to add up to a large focal peak. For FO8-like
coils, that means that the current in both coils was in opposing

direction. One exception was the 3D Differential, where the
current in the three coils perpendicular to the FO8 ran in the
same direction.

B. Field Focality

Field focality describes the spread of the electric field and
can be defined by the full-width-half-maximum (FWHM).
Within this work, we were specifically interested in the spread
of Ey in x-direction, which determines the offset a coil may
have in relation to the target nerve. Since we consider a
straight nerve, the focality in this work is mostly a measure for
selective stimulation, i.e., about how much surrounding tissue
is stimulated. Therefore, we use a one-dimensional focality,
which is the width between the two points in x-direction where
the field has decayed to half of its maximum. Focality is
measured over x at y = 0, for different coil distances z0.
Large FWHM values indicate weak focality. For single coils,
the FWHM is calculated over both peaks, as they are equally
able to stimulate the axon.

C. Field Efficiency

The field efficiency describes the ability to stimulate a nerve
based on the current in the coil. A good measure for that
purpose is the AF at the target nerve site, which evaluates
the required stimulation strength on neuronal systems based
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on the spatial field gradients [32], [33], [41]. The AF is
calculated along a hypothetical axon of 300 mm length at a
distance of z0 = 27 mm from the coil. The axon runs along
the y-axis at x = 0. We assumed the axon to be straight
which fairly represents peripheral motor axons within a given
stimulation site. To calculate the AF, we used the approach
of quasipotentials which are derived from the external parallel
electric field [42], [43]. We sampled the field values at distinct
points along the axon, separated by the spacing �s and repre-
senting the nodes of Ranvier. For a motor axon of 12.8 μm
diameter the spacing �s between the nodes is 1349 μm and the
node length is 1 μm [27].

The quasipotentials φ were acquired from the electric field
volume box calculated in CST by

φi = φi−1 −
∫

�E · d�s ≈ φi−1 − 1

2
( �Ei + �Ei−1) · �s , (1)

where �E denotes the electric field at the axon location and
�s describes the position vector between two nodes of Ranvier i
and i−1. Only the electric field component parallel to the axon
is taken into account for this calculation. Similar approaches
were used by Wang et al., who used precise theoretical and
computational models to confirm this assumption [42].

The AF is subsequently acquired from the quasipotential
given by

AF = φi−1 − 2φi + φi+1

s2 , (2)

where i numerates the nodes of Ranvier, φ is the electric
potential along the axon and s is the distance between neigh-
boring Nodes of Ranvier [32]. A positive AF corresponds to
a depolarization of the axon membrane, which can create an
action potential, when it reaches a certain threshold. A negative
AF causes a hyperpolarization of the axon membrane, which
cannot cause an action potential [32], although it could block a
propagating action potential. Such a case has to be considered
in simulations and experiments including the temporal field
shape, especially for repetitive stimulation. However, since
we are using a sinusoidal current inside the magnetic coil,
the electric field will oscillate with a cosine shape causing an
alternating sign of the AF. Hence, a positive AF will become
negative during the sinusoidal period and vice versa, so the
value of interest is the absolute AF. Due to the action potential
being relayed to both sides of the axon, it is sufficient for only
one node of Ranvier to trigger an action potential, as it will
then propagate along the whole axon.

The AF identifies positions along the axon which are likely
to be stimulated based on the spatial electric field distribution.
Nevertheless, the AF alone does not determine neuronal firing
threshold, as it also depends on the temporal field shape,
as well as neuronal parameters as myelin thickness, fiber thick-
ness and distance between Nodes of Ranvier [41]. However,
for the purpose of comparing coil geometries and field shapes,
the AF is appropriate.

D. Power Efficacy

In section II-C we described how much field gradient can
be achieved for a certain current value. For further analysis,

the required coil current is scaled such that all coils achieve
the same AF amplitude. Subsequently, ohmic losses were
calculated for the scaled coil current and how much power
dissipated in heat. This indicates how much power was lost in
each coil for the same activation ability and is referred to as
power efficacy.

The resistance of a wire segment is given by

R = ρ
L

A
, (3)

where ρ denotes the specific resistivity, L is the length of
the coil wire and A the area of the rectangular wire cross
section given by 7 mm × 3 mm. The ohmic losses can then be
calculated using

Preal = R · I 2
RMS, (4)

with IRMS being the root mean square of the AC current.
Ohmic loss is the power that dissipates due to heating.
In magnetic stimulation, it is reasonable to state this power
in units of Joules per pulse. In our simulations, we consider a
biphasic pulse of 10 kHz which corresponds to a pulse duration
of 100 μs.

To scale the coil current, the AF amplitude of the Single Coil
with a peak current of 6 kA was used as reference. Due to the
direct proportionality of the coil current and the electric field
and hence, also the AF, an increase of the AF by a factor of
two would also require increasing the coil current by a factor
of two. This change in coil current would then cause a change
in the resulting ohmic losses given by Equation 4. Additional
ohmic losses occur in the tissue at the stimulation site and in
the connection to the stimulation device. These losses depend
on the specific application and are not considered within this
work.

III. RESULTS

The electric field was calculated for each proposed coil
geometry and evaluated using the AF along a linear axon
segment. To compare different coil geometries, the efficiency
of stimulation is described by the relation between stimulation
strength and the occurring heating of the magnetic coil due
to the ohmic losses. In the following, only the idealized coil
shapes are evaluated according to the approach described in
section II-C. The comparison between real and idealized coil
geometries is shown in Figure S2 and S3 of the supplementary
material. We found that idealized coil geometries yield similar
results and hence, the use of simplified structures is justified.

A. Electric Field Calculations

Calculated electrical field shapes for each coil geometry are
given in Figure S1 of the supplementary material. The use of
multi-coil arrangements, geometries consisting of more than a
single coil, allows for a strong focal peak along the central axis
of the coil plane. This is due to superposition of the electric
field from each individual coil segment. However, as the actual
stimulation strength is only based on the AF, given by the
gradient along axon direction, these results do not indicate
yet, that single coils yield considerably worse results.
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Fig. 2. Maximum absolute field intensity of Ey in the xy-plane over coil distance z0 for (a) single coils and (b) multi-coil arrangements; FWHM of
Ey over coil distance z0 (c) single coils and (d) multi-coil arrangements; In (a) and (c) the data of the One Corner Single Coil and the Two Corner
Single Coil are almost identical and thus, overlapping. The FWHM is measured over x at y = 0. Field irregularities, observable in (d) at distances
z0 < 25 or in (a) and (b) at z0 < 10, are due to non-perfect coil meshes and do not represent valid data.

B. Focality
Figure 2 shows the maximum absolute Ey in the xy-plane

for different coil distances z0. Coils with several coil segments
showed stronger field intensities, due to the superposition of
the distinct field distributions. The Bent Solenoid (Figure 1n)
had the largest field intensity (2.5 kV m−1 directly at the coil),
followed by 3D Differential (Figure 1k, 1.7 kV m−1), the Two
FO8 and the Slinky-3 (Figure 1l and 1j, both 1.6 kV m−1).
The Two Corners FO8 (Figure 1i) and the FO8 (Figure 1f)
showed a similar field intensity (both 1.2 kV m−1). The Single
Coil (Figure 1b) had a maximum of 1 kV m−1 and the single
coils with corner showed similar behavior. The FWHM (Full-
Width-Half-Maximum) is measured over x at y = 0, shown
in Figure 2. Compared to multi-coil configurations, the single
coils showed a higher increase of FWHM with coil distance.
There is hardly any difference in field magnitude and FWHM
between the One Corner Single Coil and the Two Corner Sin-
gle Coil, the data in Figure 2 is almost overlapping. In general,
coils involving a cornered design showed slightly less FWHM
and have thus higher focality. The Bent Solenoid had the worst
FWHM at a coil distance of 27 mm (105 mm), followed by 3D
Differential (87 mm) and Slinky-3 (83 mm).

For coil distances smaller than 20 mm, we observed strong
irregularities in the FWHM, which can be seen in Figure 2d.

Similar distortions were observed for Ey and FW H M calcula-
tions for single coils with corner, shown in Figure 2a and 2c.
Those irregularities are caused by the non-perfect mesh of
the coil. It affects the area close to the coil mesh which we
consider as acceptable, since we are interested in distances of
z0 > 20 mm.

C. Field Efficiency

Figure 3 shows the AF at x = 0 for multi-coil configura-
tions and at x = 40 mm for single coils, which is tangential
to the coil wire. For single coils, the AF is highest for axon
positions directly below the wire (at x = 40 mm). For multi-
coil arrangements, the optimal axon position is at x = 0, where
the field peaks of the individual coils overlap. An exemplary
axon is pictured in Figure S1 of the supplementary material
to mark the position of the axon for single coil and multi-coil
arrangements. Multi-coil arrangements produce a strong focal
peak where the single coils of the structure are overlapping or
close to each other. Thus, the highest AF magnitude can be
achieved when the axon runs between the two coils. Further,
the absolute AF calculated for varying x-positions of the axon
is depicted, showing how the AF changes with a coil offset
in x−direction. The plots indicate that the Bent Solenoid
achieved the highest stimulation strength to the axon across
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Fig. 3. The AF along the axon is shown for (a) single coils and (b) geometries consisting of multiple coil segments. The axon runs from y = −
150 mm to + 150 mm at a coil distance of z0 = 27 mm. For single coils, the axon is placed at x = 40 mm and for multi-coil configurations at x = 0.
The x-axis enumerates the nodes of Ranvier with a spacing of 1.349 mm. (c) and (d) show the maximum of the AF for different x−positions of the
axon.

all x-positions. Compared to multi-coil configurations, single
coils seem to provide much worse results, while also causing
a much broader spread of the electric field.

In general, coils that achieved a high electric field amplitude
also had higher AF values. The 3D Differential had a similar
field amplitude as Slinky-3 and Two FO8s but lower AF ampli-
tude. FO8, One Corner FO8 and Two Corner FO8 had clearly
lower field values but just slightly lower AF amplitudes.
Compared to the single coils with corner, the round single
coil had higher AF values. However, the field of the single
coil was not symmetric, which is due to irregularities in the
field distribution. Those irregularities become more prominent
when calculating the spatial gradient, as the AF does. Similar
asymmetries can be observed for the Bent Solenoid or the
Slinky-3.

A comparison between the results of idealized and realistic
coil shapes, shown in Figure S2 and S3 of the supplementary
material, indicated small changes in the AF between both
representations (by < 15%), the field distribution in space was
very similar. Realistic shapes seem to produce unrealistic field
artifacts due to insufficient accuracy in calculating electric field
gradients.

The comparison between the FO8 and the modified FO8
showed that both coils had a similar performance.

D. Ohmic Losses
The ohmic losses for a peak coil current of 6 kA are

given in Table I. Complex coil structures require a longer
wires and thus, have higher losses. In the further analysis,
the peak coil current for each individual coil configuration
was not fixed any more, but was varied to achieve the same
AF as the SingleCoil with a peak current of 6 kA. Based
on that current, ohmic losses for each coil configuration
were calculated, which can be used to estimate the general
stimulation efficiency of different coil shapes. Ohmic losses
for 6 kA and scaled currents are shown in Table I.

For 6 kA, the Bent Solenoid had the highest ohmic losses,
whereas it provided the most efficient stimulation when the
AF is considered. Therefore, it would require the lowest coil
current. Compared to the standard round FO8, ohmic losses
were reduced by 40%. Similarly, FO8s where the midsection
was modified to have corners as well as the Slinky-3 coil,
seem to perform at a roughly 20% higher efficiency compared
to the standard round FO8. The round Single Coil had a
similar energy efficiency as the round FO8. However, the
other single coils analyzed in this work seem to perform much
worse than every other geometry. The 3D Differential had the
worst efficiency. It requires a long wire, while the maximum
achievable AF was relatively low.
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TABLE I
OHMIC LOSSES AND AF

At fixed AF, the Modified FO8 showed 20% less ohmic
losses than the FO8 with 6 windings, indicating signifi-
cantly higher effectiveness (ohmic loss: 3.77 J per pulse and
4.91 J per pulse, respectively).

IV. DISCUSSION

Limitations for magnetic stimulation are huge and expensive
devices and in case of repetitive stimulation in therapeutical
applications, coil heating. While the first issue is addressed by
optimizing field efficiency, the latter one is due to ohmic losses
and requires an optimization concerning power efficacy. Field
efficiency describes the electric field generated by a certain coil
current and voltage and determines the specifications for the
power semiconductors and capacitors in the device. In case of
peripheral stimulation, field efficiency can be quantified by the
AF of a straight axon, which evaluates the field gradients [33],
[41]–[44]. Several approaches have been proposed to optimize
the field efficiency of coils, such as coils with high permeabil-
ity cores [30], [31], improved winding patterns [6], [45], [46],
boundary element methods [47] and coil position or winding
layers [44]. For repetitive stimulation, coil heating is a critical
problem [48], [49]. It determines how much output power
is required and occurs due to the ohmic losses in the coil.
Some techniques to reduce coil heating have been proposed,
for example coil cooling, heat sinks or iron cores [49], [50].
Different coil geometries were compared concerning field
efficiency, depth and focality [6], [21]–[25], [51]. However,
authors either focused on field efficiency and focality or
coil heating. This work is a comprehensive comparison of
commonly discussed coil designs, considering field strength
and focality, neuronal activation and power efficacy. Hence,
we first calculated the AF based on the spatial field distribution
induced by a coil current of 6 kA. In the second analysis, the
coil current was scaled such that all coils achieved the same
AF amplitude. Based on the scaled coil current, we calculated
the power dissipation due to ohmic losses. This method relates
field efficiency to the ohmic losses. Our results outline which
coil geometries optimize the electric field with minimum coil
heating.

A. Coil Comparison
A good coil would provide a high field with a small current

and still not require too much wire. Coil geometries which
consist of several coils, like the Bent Solenoid or the Two FO8s
generate high fields, but also have high ohmic losses. The goal
is to find a good trade-off between those two measures.

Our analysis showed that at the same peak current, large
coils like the Bent Solenoid or Slinky-3 generate high field
intensities, at the cost of focality. A trade-off between depth
and focality has already been shown by Deng et al. [3]. Single
coils showed low focality, since they simultaneously produce
equally negative and positive peaks, and the FWHM was
calculated over both. However, in peripheral nerve stimulation
both cases might be of interest. Coils with high focality can
avoid the stimulation of nearby fascicles within a nerve or
nearby nerves, whereas coils with a high field spread make it
easier to hit the target nerve.

The ability of coils to stimulate an axon was quantified by
the AF. A similar approach from Davids et. al [41] showed
similar values. Both, AF and field intensity, were highest for
the Bent Solenoid. The FO8 and its variations with corners
had the lowest field intensity compared to other multi-coil
structures, whereas the AF values were rather similar to the
other coils. They also require relatively low amounts of wire
and thus, have low ohmic losses, which is a good trade-off
between field efficiency and power efficacy. FO8 geometries
with corners had even better results. While the field intensity
was similar to one of the FO8, their AF values were higher.
Since ohmic losses are small, the scaled ohmic loss showed
that corners in FO8 structures yield efficacy improvements of
up to 20%.

In contrast, the 3D Differential coil generates a higher field
intensity than the FO8 structures, similar to the one of Two
FO8s and Slinky-3, but has lower AF values than the latter
ones. A reason are the three coils which are aligned on top
along the axon direction. This arrangement smears the electric
field and thus, flattens the spatial field gradient. In combination
with the long wire in the whole coil structure, ohmic losses
lead to a bad efficacy.

The Two FO8s geometry provides a relatively high field
intensity and higher AF than most other coils. Still, the scaled
ohmic losses show that the long wire reduces its efficacy and
makes it slightly worse than the normal FO8. The Slinky-3
geometry has similar field intensity and AF values, but consists
of only three coils instead of four, which makes it better than
the Two FO8s also the FO8 and One Corner FO8.

Both, efficiency and efficacy were the highest for the Bent
solenoid. It had the highest ohmic losses as well, but the field
efficiency is high enough to operate it with such low currents
that ohmic losses are still better than for all other coils.

Single coils have worse results when compared to multi-coil
geometries, which is the result of having only one coil segment
contributing to the stimulation of the axon, while multi-coil
structures generate superimposed fields. Some applications
however, might benefit from the broad electric field [25].

The Bent Solenoid had the best power efficacy. Compared to
the standard round FO8, ohmic losses can be reduced by 40%
and the coil current by roughly 58%. However, this comes at
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the price of weight and size, as the Bent Solenoid consists of
seven coils. Apart from high costs, this is a major disadvantage
in everyday use and practicability. FO8s, where the midsection
has been modified to have corners, as well as the Slinky-3 coil,
seem to perform at a roughly 20% higher efficiency compared
to the standard round FO8. They also have slightly lower
current requirements. With their much lower size and weight,
they may prove to be a good alternative to the nowadays
used round FO8 or the proposed Bent Solenoid structure. The
T wo Corners FO8 in particular has the advantage of having
roughly the same size and weight as the regular FO8. This
makes the replacement of currently commercially available
FO8 coils very simple. The Modified FO8 proved to increase
the efficiency as well, however it is limited by the number of
windings. Without increasing the general coil size, more than
six windings are hardly feasible. A more detailed trade-off
evaluation may be required for specific applications. The round
Single Coil performs at roughly the same energy efficiency as
the round FO8. However, the other single coils analyzed in this
investigation perform worse than every other geometry. Their
higher current requirements are another significant disadvan-
tage compared to multi-coil configurations. The predictions
of this study can easily be tested in a clinical setting. The
stimulation coil can be easily changed in a stimulation device
and can lead to a significant reduction of energy consumption
as well as heating.

B. Limitations

Comparing different coils in experimental setups is chal-
lenging and complex. Sophisticated setups are required and the
field characteristics depend on the hardware of the stimulation
device, mainly the inductance of the coil and the capacitance
of the pulse capacitor. Hence, simulations are a helpful tool
for comprehensive coil comparisons. Nevertheless, this work
is of purely theoretical nature, the simulations are based
on several assumptions. Using the AF as an indicator for
neuronal stimulation is suitable for the analysis of spatial field
distributions on peripheral axons, as it relies on the spatial field
gradient. However, to determine whether an axon is stimulated,
many more parameters must be considered, including the
temporal field shape and the axon size and structure itself. Our
field calculations are only valid for high-frequency litz wire,
which is commonly used by manufacturers. Coils of a solid
wire will have significantly higher ohmic losses due to skin
and proximity effects. Another limitation of this work is that
the fields were calculated for saline solution. This is a good
method to quantitatively compare the spatial field distribution.
However, the electric field amplitude will be attenuated for a
volume conductor model. To calculate a more realistic field
distribution, an anatomical volume model for the desired
stimulation site is required.

C. Conclusion

We conclude that the Bent Solenoid (Figure 1n) seems
to be most efficient coil when stimulation focality, weight
and size are not crucial. For other applications, the cornered
FO8 (1i) appears to provide better results than the round

FO8 (Figure 1f) used in clinical applications today and should
be considered as an alternative. The relevance of focality
needs to be evaluated according to the specific application
and the potential presence of surrounding nerve fibers. The
optimization of the magnetic coil is a relatively simple modi-
fication, which nevertheless provides large benefits. First, the
optimized coils can be tested with commercially available
stimulation devices. We have shown that there is significant
room for improvements in specific application areas, where
the stimulation efficiency can be increased. This improvement
immediately reduces stimulation voltage, current and energy
of the stimulation device, which means that their size can
be reduced. The higher energy efficiency also reduces coil
heating, which is essential for sustained stimulation sequences.
With these new devices, new clinical applications will become
possible.
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