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Abstract
Electrical neuromodulation is widely used to treat andmanage neurological disorders.Migraine, a
socioeconomic burden,may be treated using this technique. Transcutaneous stimulation of frontal
nerves by electrodes placed on the forehead is of interest as it exposes patients to lower levels of risk
and side-effects comparedwith surgical and pharmaceutical solutions andmay be readily delivered.
The size, shape and placement of the electrodes can be optimised using computationalmodels
involving a volume conductormodel of anatomical structures and electrodes as well as nerve fibre
models. A detailed volume conductor incorporating cell level structures of skin can yield an accurate
map of electrical potential distribution due to an electrode setting.However, such amodel imposes a
very substantial computational cost whichmay impede the design process. Computation cost can be
significantly reduced if the skinmicroscopic structures are ignored. In this study, we compare the
accuracy and computation cost with andwithout skinmicroscopic structures on the outcome of a
device for transcutaneous frontal nerve stimulation. The performance is presented as the percentage
activation of target nervefibres in response to the level of stimulus current delivered via surface
electrodes placed on the forehead.When cell level structures of skin are not incorporated,
discretisation time is reduced from21 h to 0.4 h and the number offinite elements used from18M to
1.4M.Only 1%difference in stimulus current thresholds is observed.

1. Introduction

Migraine is a highly prevalent and disabling neurologi-
cal disorder. It is characterized by headache, nausea,
vomiting, photophobia and phonophobia [1]. It has a
significant impact on the quality of life for those
affected [2]. The common complaint of migraine
sufferers is generally the symptoms of pain originating
in the frontal region of the head [3]. Thus, migraine
may be primarily associated with the supraorbital
nerve (SON) and supratrochlear nerve (STN) which
are branches of the frontal nerve. A solution targeting
this specific nervemay be of interest.

Available pharmaceutical and surgical treatments
of migraine are generally not completely efficacious
and have troublesome side-effects [4]. Trancutaneous
neuromodulation, in which current is applied through
the skin via surface electrodes to stimulate the central

or peripheral neural tissue, has been used for pain
management. Among different transcutaneous elec-
trical nerve stimulation (TENS) methods, transcuta-
neous frontal nerve stimulation (t-FNS) has been
applied on a large group of patients who have episodic
migraine using a device called Cefaly (Cefaly, CEFALY
Technology, Liège, Belgium). By applying stimulus
current to sensory fibers in frontal nerve, migraine has
been shown to be alleviated [5].

The effectiveness of t-FNS in episodic migraine
was tested in a randomised double blind controlled
study trial supported by large scale postmarketing sur-
vey. In nearly half of the patients t-FNS was not effica-
cious [6, 7]. This inconclusive response may be
associated with neuro-anatomical variations in
patients [8] or electrode arrangements (size and
shape). No study has investigated the underlying cau-
ses of inefficacies. This is partly due to the physical
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limitations of studying the neuroanatomy of indivi-
duals and different settings of electrode arangements.
Computational models [9] may enable researchers to
estimate current stimulation thresholds in neuromo-
dulation therapy and investigate the effects of various
parameters. Such models are usually implemented in
finite element (FE)models (FEM) involving a volume
conductor model representing various anatomical
structures and the electrodes by their respective con-
ductivities and appropriate boundary conditions.
Since the electrode patch, as the interface for deliver-
ing the stimulus current, is in contact with the skin,
incorporating microscopic details of this layer may be
important in simulating the resulting electrical poten-
tial fields accurately. Mammalian skin is comprised of
epidermis and dermis layers. The outer layer of the
epidermis is called stratum corneum (SC) [10]. The
thickness of SC is between 10 μm and 50 μm and con-
tains 10–20 layers of dead keratinized cells (keratino-
cytes) with lipid lamellae filling the intercellular
regions and sweat ducts (SDs) [11]. Since the size of
these layers are considerably smaller than other tissue
layers involved, a large dimensional ratio between
these structures will lead to a significant computation
cost in FE models. Microscopic structures may be
ignored at the cost of a degree of error to provideman-
agable computational requirements.

The effect of cell level modeling of the skin on the
electrical field in the volume conductor (VC) and
temperature elevation around the electrode have been
investigated [12]. In our previous study [13], we com-
pared a realistic human headmodel based onmagnetic
resonance imaging (MRI) scans and a geometrically
simplified human head model (generated from geo-
metric shapes (e.g., sphere)) with respect to the esti-
mates of stimulus current thresholds. The results show
that the simplifiedmodel can be used intead of the rea-
listic model with some error (3%, based on stimulus
current thresholds). The cellular structures of the skin
cannot be evaluated in a simplified model of the entire
head due to the computation cost. Therefore, a region

of interest (forehead) with all subsequent tissue layers
were considered for this study.

In this study, two models were developed for fur-
ther analysis. In one, the cellular structures of skin
were incorporated, referred to as the cellular model,
and in the other, the microscopic structures of skin
were excluded, here referred to as the simplified
model. In the cellular model, the skin was delaminated
into multiple layers (as shown in figures 1(b) and (c)).
The effect of the lipid lamellae, keratinocytes and uni-
form random variations of the SDs on the estimated
current thresholds and current density of the nerve
fibers were studied using hybrid (coupling the FEM
results with the Neuron model) computational mod-
eling. The simplified and cell level models were further
compared based on electrode size with respect to their
current thresholds and computational features to
obtain an efficient and reliable trancutaneous elec-
trical stimulation (TES)VC for further studies.

For all the subsequent simulations and operations,
a computer with an Intel Core i7-6700CPU@3.4GHz
with 64GBRAMwas used.

2.Methods

2.1.Design of the simplified volume conductor
The head tissue layers were built from spherical and
TES electrodes were constructed using many alterna-
tive geometric shapes in COMSOL (COMSOL, Ltd,
Cambridge, UK). The block diagrams of these layers
are shown as in figure 1(b). The curvature of the region
of interest (forehead)was constructed to follow that of
the realistic human head model. To increase model
accuracy, the simplified model was constructed based
on the average thicknesses of those layers in the MRI-
based realisticmodel (skin: 2.8mm, fat: 2mm,muscle:
1.7 mm, skull: 5.5 mm and Cerebrospinal fluid (CSF):
1.5 mm). The white and grey matters were combined
andmodeled as brain as electrical potentialfield decays
sharply inside them. The trajectory of frontal nerve

Figure 1. (a)A realistic human headmodel, all tissue layerswere segmented based on a specific color level. The nervewas represented
in red small circle and themetallic contact was shown in black. The realistic humanheadmodel was studied in [13] andwas used here
to showneuroanatomical layers and electrode patch. (b)Block diagramof the simplified human headmodel components, small
structures such asmucus, veinswere not included. (c)Block diagramof the cellular levels of the skin. The skinwas divided into cellular
levels and associated dimensions are displayed, the other tissue layers (e.g., fatty tissue) are not shown in (c).

2

Biomed. Phys. Eng. Express 5 (2018) 015015 E Salkim et al



passes below the frontal bone and exits from the
orbital rim and penetrates the corrugator and frontalis
muscle. The realistic trajectory of the nerve, derived
from anatomical data, was used in both cellular and
simple VCs [13]. The SC layer is comparatively thin
and was defined using a boundary condition at the
outermost boundary of skin to decrease computation
cost during simulations inCOMSOL.

2.2.Design of the cellular volume conductor
The stimulating current flows through the skin via
lipid lamellae, keratinocytes and SDs [11]. These layers
may have an impact on the potential distributions in
the VCs which may affect percentage activation (PA)
of the nerve fibers. Therefore, the cell level model was
designed to examine the impact of these layers on TES
modeling. The block diagramof these layers are shown
infigure 1(c).

Stimulation currents generally have the highest
intensity underneath electrodes. Thus, only the cel-
lular structures of the skin layer immediately below
them were considered. The rest of the tissue layers
(e.g., fatty tissue)were of the same dimensions as those
in the simplified model. The cellular structures in the
skin layer were derived from their typical morphologi-
cal parameters. However, the values of typical thick-
ness ( δtt ) of the lipid and keratinocytes were limited
by the memory size of the existing PC. The typical and
proposed morphological parameters of the cellular
structures are detailed in table 1.

The lipid- keratinocytes layers are crossed by SDs
as shown in figure 1(c). These SDs start from dermis
layer and extend upwards to the surface. The average
density of SDs on the forehead of human is 3/mm2,
their length is approximately 0.3 mm and their dia-
meter is 98±11 μm [15], [16]. Based on the given
data, the distributions of the SDs across the human
forehead were generated using a uniform random
function in MATLAB v.R2015b (MathWorks, Inc.,
Natic M, USA). SDs with various diameters were gen-
erated from smooth geometric shapes (to decrease
complexity) and designed accordingly in the VC based
on their average density per mm2 in the region of
interest. During modelling of SDs in the cellular
model, random spacing was chosen for x and y

direction to obtain more realistic results. It is vital to
have the same trajectory of the nerve for both models
for a fair comparison.

The conductivity of tissue layers were selected
based on low frequencies. After generating VCs, the
associated conductivity of each tissue layer was
obtained to solve underlying equations. The aniso-
tropy of the muscles and SDs were considered in their
conductivities. Remaining tissue layers were defined as
isotropic. The conductivities of different components
is summarized in table 2. Since the skin layer was divi-
ded into multiple layers in the cellular model, the con-
ductivities in table 2.a were used for cellular structures.
The conductivities of the remaining tissue layers were
used as in table 2.b.

2.3. Electrode settings
The electrode size was assumed to be smaller than the
Cefaly electrode due to the limitations of the computa-
tion capabilities of available workstations. Although
the same electrode size was used for both models, it is
important to investigate the range of electrode sizes
thatminimally affect the outcome.

It is assumed that the activation of the nerve fibers
mostly depends on the extracellular potential varia-
tions across the trajectory of the nerve fibers. Thus, if
an electrode setting leads to a similar extracellular
potentials and PAs versus stimulus current levels var-
iations for both simplified and cellular models, this
electrode setting can be used to compare the computa-
tion features for bothmodels.

The smallest electrode size was derived from
Cefaly electrodes. The parameters of this electrode
were proportionally increased until they resulted in

Table 1.Morphological parameters of the cellular structures in
FEM. The mptd m( ) shows tissue thickness which used in this
study and mttd m( ) shows typical thickness of each tissue.

Tissue layers mptd m( ) mttd m( ) Source

Stratum corneum 50 10–50 [14]
Epidermis 150 75–200 [10]
Dermis 1500 500–2500 [10]
Lipid lamellae 10 <1 [14]
Keratinocytes 10 1 [14]
Sweat ducts 98±11 98±11 [11]

Table 2.Tissue conductivities.

Tissue layers S ms ( )/ Source

(a)Cellular layers

Stratum corneum — —

Epidermis 0.1 [17]
Dermis 0.22 [17]
Lipid lamellae 0.1 [14]
Keratinocytes 0.001 [14]
Sweat ducts (trans.) 0.7 [18]
Sweat ducts (long.) 1e-6

(b)Other layers.

Skin 0.22 [19, 20]
Fat 0.025 [21]
Muscle (long.) 0.33 [21]
Muscle (trans.) 0.11 [21]
Nerve 0.085 [22]
Skull 0.015 [23]
CSF 1.8 [24]
Brain 0.1 [21]
Gel 0.1 —
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similar extracellular potential variations and PAs
across the nerve fibers for both models. Four different
electrode patch sizes (LxW) were used: E1:9.4×3
mm, E2:7.5×2.5 mm, E3:6×2 mm, E4:4.5×1.5
mm, which were parameterized and designed in
COMSOL. During the electrode design, the nerve tra-
jectory was positioned under the center of the elec-
trode to obtain the maximum possible difference for
both models. This procedure was then repeated for
each different electrode size.

In this study, the largest electrode ‘E1’ had the
smallest error between cellular and simplified models
with respect to the electrical potential field and
required current thresholds. This size was used to eval-
uate the current density and computation cost.

2.4. Finite elementmethod (FEM) simulation
The domains in the VCs were discretized using free
tetrahedral elements to solve underlying differential
equations. The region of interest was more finely
meshed, while the rest of the region was relatively
coarsely meshed to obtain potential distributions in a
reasonable time. The total number of elements in each
model is compared in figure 3(b). The triangular and
edge elements for both simplified and cellular models
were 0.085 M to 4 M and 0.005 to ∼1 M, respectively.
The average tetrahedral mesh quality and average
growth rate for simplified and cellular models were
0.67 to 0.65 and 2.02 to 2.06, respectively. It is noted
that the triangular mesh quality was about 0.96 and
nearly the same for both models. The distribution of
induced electrical potential in the VC was simulated
using FEM [25]. All the simulations were carried out
using COMSOL while considering the quasi-static
approximation of Maxwell’s equations. In this
approximation, the tissues are considered to be purely
resistive. This is valid for the low stimulation fre-
quency used in TENS. However, the current volume
density sources r( ) are not excluded by this method.
Poisson’s equation governs the electrical potentials as
shown in (1).

V in 1es r-  = W· ( ) ( )

By setting current source Qj( ) to zero in (2), this
simplifies to Laplace’s formulation in (3).

QJ 0 2j- = = ( )

V 0 3es-  =· ( ) ( )

The current densities on the nerve fibers were
calculated from this approximate electric potential for
both models based on (2) by setting external current
density Je( ) to zero.

J V 4es=  ( )

where, W defines the entire model, s shows tissue
conductivity, Ve represents induced electrical field in
domains and J is current density in the media. A
comparatively large non-conductive (σ=1e-10 S

m−1) sphere was defined as external boundary and
Dirichlet boundary condition V 0,e =( ) on dW (outer-
most surface layer of the model)) was applied as an
approximation of ground at infinity [8].

2.5. Neuronmodel
The target fibers (Aβ fibres), whose diameters follow a
Gaussian distribution with a mean of μD=12.5 μm
and standard deviation of σD=2 μm, were con-
structed based on experimental data [26] while the
associated parameters were derived by interpolating
experimental measurements [27]. The nerve fiber
threshold levels were calculated using the McIntyre–
Richardson–Grill (MRG) cable model of myelinated
mammalian axons [27]. The nerve fiber compart-
ments and their geometric positions along the nerve
course were designed based on our previous
study [22].

The electrical potentials were first simulated in
COMSOL for both simplified and cellular models and
then the obtained electrical potential field was expor-
ted into Neuron v7.4 [28] as extracellular electrical
potential in the form of voltage pulses for each fiber.
100 fibers were considered and activation was con-
sidered as observing an action potential in the first and
last nodes after the fifth pulse [8].

3. Results

The PAs versus the required stimulus current levels
and the extracellular electrical potential variations
across nerve trajectory for different electrode sizes are
shown infigure 2.

In figure 2(a), the extracellular potential variations
follow the samepattern for bothmodelswhile the poten-
tial variations only introduce a shift along the nerve tra-
jectory. As the electrode size is increased, this difference
gets smaller and the electrical potential variation for the
largest electrode size (E1) is the same for both models.
The trends of PAs versus current levels are similar for lar-
gest electrodes for both models. Therefore, E1 has the
appropriate size for comparing the twomodels.

The simplifiedmodel requires just slightlyhigher cur-
rent levels to excite the same number of fibers compared
with the cellular model for all electrode sizes, as shown in
figure 2(b). The error between current thresholds for
both models are inversely proportional to the electrode
size. The error is lower for larger electrodes. For instance,
to activate 50% of the nerve fibers, the required stimulus
current errors between two models are 1.6% for the lar-
gest electrode and6.8%for the smallest electrode size.

The current density variations on the nerve fiber
based on E1 electrodes is shown in figure 3(a) for both
models. Apart from the value at the peak, the current
densities follow nearly the same trend for bothmodels.
The average current densities on the nerve trajectory
for twomodels are, in turn, 0.48 and 0.475Am−2.
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The features of the computation are compared in
figure 3(b). The required time fordiscretization and simu-
lation are 0.4 h and 0.5 min for simplified while these are
21 h and 35 min for the cellular model. The number of
elements for the cellular model is nearly 13 times that of
the simplifiedmodel (1.47Mand18.2M, respectively).

4.Discussion

Bio-modelling is growingly becoming an essential step
in the design and optimization of neuroprostheses. In
such models, the electrical potential field is simulated
in a VC and is then exported into a cable model as

Figure 2. (a)The extracellular electrical potential variations versus nerve trajectory (arclenght). (b)The PAs versus required stimulus
current levels for four different electrode sizes. The extracellular potential (V) variations across the electrode are displayedwith
continuous lines for the simplifiedmodel and dotted line for cellularmodel in (a); E1: electrode 1, S: simplifiedmodel andC: cellular
model. E1 is designed as the largest and E4 is designed as the smallest electrodes in themodels. The variations of the PAs versus
excitation current thresholds for simplified and cellularmodels are represented with circles in (b).

Figure 3. (a)The variations of the current density (J) on the nerve fiber trajectory (arclenght). The variations of the current density
along nerve trajectory are displayedwith continuous lines for the simplifiedmodel and dotted line for cellularmodel in (a). (b)
Comparison of the features of computation for simplified (S) and cellular (C)models based onmaximumelectrode size (E1), tD and ts
represent discretization and simulation time, respectively, and FEn number of finite elements.
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extracellular potential to predict the response of the
nerve [9].

In this paper, the influence of the cellular struc-
tures on the fiber activation thresholds and computa-
tion cost was investigated using hybrid models and the
results were then compared with the simplified model
to reach an optimalmodel.

The extracellular variations and PAs versus cur-
rent thresholds of nerve fibers were used to quantify
the difference between both models as well as elec-
trode sizes. Our results show that both the electrical
potential field and current thresholds have marginal
error in the simplified model compared with the cel-
lular model for electrodes larger than a certain size.
The trend in figure 2(a) indicates that although the
electrical potential along the nerve follows nearly the
same trend for both models, the values for cellular
models are negative at both ends of the nerve. This
may be because of the mesh quality of the cellular
model. The stimulus current and current density dif-
ferences between the two models for E1 electrodes are
within safe limits [29].

The edge effect for current density happens in
highly conductive surfaces like metals. In this study,
however, for this transcutaneous setting there exists a
metallic contact that is in contact with a layer of a finite
but not infinite conductance (part of the electrode)
which is in immediate contact with the surface of the
skin on its other side. Thus, the edge effect only hap-
pens in the metallic surface (as shown In figure 1(a).)
but not in the electrode’s surface in contact with
the skin.

Although the error between the simplified and cel-
lular models are increased when using the smaller
electrode, it was observed that the slope of the PAs ver-
sus current was nearly the same for both models. The
results showed that the required current levels are
increased for both models when using smaller elec-
trode sizes. This is because the smaller electrodes do
not produce a field wide enough to cover the length of
the nerve; thus, only the outskirts of the field will reach
the nerve in that case which leads to higher required
injected current to activate the nerve. The reason for
the large error between the two models may be asso-
ciated with localisation of the current in the cellular
structure. These microscopic structures may be more
sensitive to localised changes in the path of current.
This may lead to a relatively lower stimulus current
being required for the cellularmodel.

It is noted that the cell structure just below the
electrode was only considered in this study due to the
high computation cost involved. However, consider-
ing a larger cellular area beneath the electrodes may
have an impact on the results. This should be investi-
gated in future studies using a workstation with higher
computational capabilities.

The discretization time, simulation time and the
number of elements for the cellular model was con-
siderably larger than that of the simplified model,

indicating a vast difference in their respective compu-
tation cost.

Reducing the complexity of models may increase
simulation efficiency by reducing simulation and dis-
cretization times. Considering the results in figures 2
and 3, this study indicates that the microscopic fea-
tures have little effect on the PAs of fibers while impose
a larger computation cost. On the other hand, the sim-
plified model is computationally more efficient and
has a sufficient level of accuracy at this stage of the
design. Thus, it can be used to assess the effect of the
neuroanatomical variations across different indivi-
duals and electrode settings with different arrange-
ments in future investigations.

5. Conclusions

The quality of life can be significantly improved using
neuroprostheses which are becoming a widely
accepted therapeutic solution for neurological disor-
ders. Hybrid models enable a thorough investigation
of optimal parameters necessary for the design of
efficient neuroprostheses. However, computational
cost may limit the applicability of this approach. It was
shown in this study that the effect of cellular structures
of skin can be ignored and the simplified model may
be used for the design and optimization of the target
device.

Acknowledgments

This work was funded by studenship to E Salkim from
Turkish Ministry of Education and Mus Alpaslan
University. The authors would like to thank Mr Peter
Langlois for his feedback.

ORCID iDs

Enver Salkim https://orcid.org/0000-0002-
7342-8126
AndreasDemosthenous https://orcid.org/0000-
0003-0623-963X

References

[1] RoadC2013The International Classification ofHeadache
DisordersThe International Classification ofHeadache
Disorders vol 33 pp 629–808

[2] Steiner T J, BirbeckGL, JensenRH,Katsarava Z,
Stovner L J andMartelletti P 2015 ‘Headache disorders are
third cause of disability worldwide J. Headache Pain 16 58

[3] Gfrerer L andGuyuronB 2017 Surgical treatment ofmigraine
headachesActaNeurol. Belg. 117 27–32

[4] DienerH-C, Charles A, Goadsby P J andHolleD 2015New
therapeutic approaches for the prevention and treatment of
migraine Lancet Neurol. 14 1010–22

[5] Riederer F, Penning S and Schoenen J 2015Transcutaneous
SupraorbitalNerve Stimulation (t-SNS)with theCefaly(®)Device
forMigraine Prevention:AReviewof theAvailableData4
135–47

6

Biomed. Phys. Eng. Express 5 (2018) 015015 E Salkim et al

https://orcid.org/0000-0002-7342-8126
https://orcid.org/0000-0002-7342-8126
https://orcid.org/0000-0002-7342-8126
https://orcid.org/0000-0002-7342-8126
https://orcid.org/0000-0002-7342-8126
https://orcid.org/0000-0003-0623-963X
https://orcid.org/0000-0003-0623-963X
https://orcid.org/0000-0003-0623-963X
https://orcid.org/0000-0003-0623-963X
https://orcid.org/0000-0003-0623-963X
https://doi.org/10.1177/0333102413485658
https://doi.org/10.1177/0333102413485658
https://doi.org/10.1177/0333102413485658
https://doi.org/10.1186/s10194-015-0544-2
https://doi.org/10.1007/s13760-016-0731-1
https://doi.org/10.1007/s13760-016-0731-1
https://doi.org/10.1007/s13760-016-0731-1
https://doi.org/10.1016/S1474-4422(15)00198-2
https://doi.org/10.1016/S1474-4422(15)00198-2
https://doi.org/10.1016/S1474-4422(15)00198-2
https://doi.org/10.1007/s40122-015-0039-5
https://doi.org/10.1007/s40122-015-0039-5
https://doi.org/10.1007/s40122-015-0039-5
https://doi.org/10.1007/s40122-015-0039-5


[6] MagisD, Sava S, d’Elia T S, Baschi R and Schoenen J 2013
Safety and patients’ satisfaction of transcutaneous supraorbital
neurostimulation (tSNS)with theCefaly® device in headache
treatment: a survey of 2,313 headache sufferers in the general
population J. Headache Pain 14 95

[7] Schoenen J et al 2013Migraine preventionwith a supraorbital
transcutaneous stimulator: a randomized controlled trial
Neurology 80 697–704

[8] SalkimE, Shiraz AN andDemosthenous A 2017 Effect of nerve
variations on the stimulus current level in awearable
neuromodulator formigraine : amodeling study 8th Int. IEEE
EMBSConf. onNeural Engineering pp 239–42

[9] Raspopovic S, Petrini FM, ZelechowskiM andValle G 2016
Framework for the development of neuroprostheses: from
basic understanding by sciatic andmedian nervesmodels to
bionic legs and handsProc. IEEE 105 34–49

[10] Chizmadzhev YA, IndenbomAV,Kuzmin P I,
Galichenko SV,Weaver J C and Potts RO1998 Electrical
properties of skin atmoderate voltages: contribution of
appendagealmacroporesBiophys. J. 74 843–56

[11] HoCK2004 Probabilisticmodeling of percutaneous
absorption for risk-based exposure assessments and
transdermal drug delivery Stat.Methodol. 1 47–69

[12] Gomez-Tames J et al 2016 Effect ofmicroscopicmodeling of
skin in electrical and thermal analysis of transcranial direct
current stimulation Phys.Med. Biol. 61 8825–38

[13] SalkimE, Shiraz AN andDemosthenous A 2017 Effect of
Model Complexity on Fiber Activation Estimates in a
WearableNeuromodulator forMigraine 2017 IEEEBiomedical
Circuits and SystemsConf. (https://doi.org/10.1109/
BIOCAS.2017.8325080)

[14] Chizmadzhev YA, Zarnitsin VG,Weaver J C andPotts RO
1995Mechanismof electroinduced ionic species transport
through amultilamellar lipid systemBiophys. J. 68 749–65

[15] SzaboG1967The regional anatomy of the human integument
with special reference to the distribution of hair follicles, sweat
glands andmelanocytes Phil. Trans. R. Soc. Lond. B 252
447–485

[16] Tripathi S R,Miyata E, Ben Ishai P andKawase K 2015
Morphology of human sweat ducts observed by optical

coherence tomography and their frequency of resonance in the
terahertz frequency region Sci. Rep. 5 9071

[17] Gabriel E and PeymanC.Grant A 2009 Electrical conductivity
of tissue at frequencies below 1MHzPhys.Med. /&Biol.
54 4863

[18] KuhnA 2008Modeling Transcutaneous Electrical Stimulation
ETHZurich

[19] YamamotoT andYamamoto Y 1976 Electrical properties of
the epidermal stratum corneumMed. Biol. Eng. 14 151–8

[20] De Santis V, ChenX L, Laakso I andHirata A 2015An
equivalent skin conductivitymodel for low-frequency
magneticfield dosimetryBiomed. Phys. Eng. Express 1 15201

[21] Gabriel C et al 1996The dielectric properties of biological
tissues: i. literature surveyPhys.Med. Biol. 41 2231–49

[22] Shiraz AN,CraggsM, Leaker B andDemosthenous A 2016
Minimizing stimulus current in awearable pudendal nerve
stimulator using computationalmodels IEEETrans. Neural
Syst. Rehabil. Eng. 24 506–15

[23] OostendorpT F,Delbeke J and StegemanDF 2000The
conductivity of the human skull: Results of in vivo and in vitro
measurements IEEETrans. Biomed. Eng. 47 1487–92

[24] Baumann SB,WoznyDR, Kelly SK andMeno FM1997The
electrical conductivity of human cerebrospinal fluid at body
temperature IEEETrans. Biomed. Eng. 44 220–5

[25] Agudelo-ToroA andNeef A 2013Computationally efficient
simulation of electrical activity at cellmembranes interacting
with self-generated and externally imposed electricfields
J. Neural Eng. 10 26019

[26] SiemionowMZ2011The Face as a SensoryOrganTheKnow-
How of Face Transplantation. (Springer LondonDordrecht
HeidelbergNewYork: Springer) (https://doi.org/10.1007/
987-0-85729-253-7)

[27] McIntyre CC, RichardsonAG andGrillWM2002Modeling
the excitability ofmammalian nerve fibers: influence of
afterpotentials on the recovery cycle J. Neurophysiol. 87
995–1006

[28] HinesML andCarnevaleNT1997TheNEURONsimulation
environmentNeural Comput. 9 1179–209

[29] ShannonRV1992AModel of save levels for electrical
stimulation IEEETBio-Med Eng 39 424–6

7

Biomed. Phys. Eng. Express 5 (2018) 015015 E Salkim et al

https://doi.org/10.1186/1129-2377-14-95
https://doi.org/10.1212/WNL.0b013e3182825055
https://doi.org/10.1212/WNL.0b013e3182825055
https://doi.org/10.1212/WNL.0b013e3182825055
https://doi.org/10.1109/NER.2017.8008335
https://doi.org/10.1109/NER.2017.8008335
https://doi.org/10.1109/NER.2017.8008335
https://doi.org/10.1109/JPROC.2016.2600560
https://doi.org/10.1109/JPROC.2016.2600560
https://doi.org/10.1109/JPROC.2016.2600560
https://doi.org/10.1016/S0006-3495(98)74008-1
https://doi.org/10.1016/S0006-3495(98)74008-1
https://doi.org/10.1016/S0006-3495(98)74008-1
https://doi.org/10.1016/j.stamet.2004.07.001
https://doi.org/10.1016/j.stamet.2004.07.001
https://doi.org/10.1016/j.stamet.2004.07.001
https://doi.org/10.1088/1361-6560/61/24/8825
https://doi.org/10.1088/1361-6560/61/24/8825
https://doi.org/10.1088/1361-6560/61/24/8825
https://doi.org/10.1109/BIOCAS.2017.8325080
https://doi.org/10.1109/BIOCAS.2017.8325080
https://doi.org/10.1016/S0006-3495(95)80250-X
https://doi.org/10.1016/S0006-3495(95)80250-X
https://doi.org/10.1016/S0006-3495(95)80250-X
https://doi.org/10.1098/rstb.1967.0029
https://doi.org/10.1098/rstb.1967.0029
https://doi.org/10.1038/srep09071
https://doi.org/10.1088/0031-9155/54/16/002
https://doi.org/10.1007/BF02478741
https://doi.org/10.1007/BF02478741
https://doi.org/10.1007/BF02478741
https://doi.org/10.1088/2057-1976/1/1/015201
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1109/TNSRE.2015.2480755
https://doi.org/10.1109/TNSRE.2015.2480755
https://doi.org/10.1109/TNSRE.2015.2480755
https://doi.org/10.1109/TBME.2000.880100
https://doi.org/10.1109/TBME.2000.880100
https://doi.org/10.1109/TBME.2000.880100
https://doi.org/10.1109/10.554770
https://doi.org/10.1109/10.554770
https://doi.org/10.1109/10.554770
https://doi.org/10.1088/1741-2560/10/2/026019
https://doi.org/10.1007/987-0-85729-253-7
https://doi.org/10.1007/987-0-85729-253-7
https://doi.org/10.1152/jn.00353.2001
https://doi.org/10.1152/jn.00353.2001
https://doi.org/10.1152/jn.00353.2001
https://doi.org/10.1152/jn.00353.2001
https://doi.org/10.1162/neco.1997.9.6.1179
https://doi.org/10.1162/neco.1997.9.6.1179
https://doi.org/10.1162/neco.1997.9.6.1179
https://doi.org/10.1109/10.126616
https://doi.org/10.1109/10.126616
https://doi.org/10.1109/10.126616

	1. Introduction
	2. Methods
	2.1. Design of the simplified volume conductor
	2.2. Design of the cellular volume conductor
	2.3. Electrode settings
	2.4. Finite element method (FEM) simulation
	2.5. Neuron model

	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgments
	References



