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Abstract
Background. During transcranial electrical stimulation (tES), including transcranial direct current
stimulation (tDCS) and transcranial alternating current stimulation (tACS), current density
concentration around the electrode edges that is predicted by simplistic skin models does not
match experimental observations of erythema, heating, or other adverse events. We hypothesized
that enhancing models to include skin anatomical details, would alter predicted current patterns to
align with experimental observations.Method. We develop a high-resolution multi-layer skin
model (epidermis, dermis, and fat), with or without additional ultra-structures (hair follicles,
sweat glands, and blood vessels). Current flow patterns across each layer and within
ultra-structures were predicted using finite element methods considering a broad range of modeled
tissue parameters including 78 combinations of skin layer conductivities (S m–1): epidermis
(standard: 1.05× 10−5; range: 1.05× 10−6 to 0.465); dermis (standard: 0.23; range: 0.0023 to 23),
fat (standard: 2× 10−4; range: 0.02 to 2× 10−5). The impact of each ultra-structures in isolation
and combination was evaluated with varied basic geometries. An integrated final model is then
developed. Results. Consistent with prior models, current flow through homogenous skin was
annular (concentrated at the electrode edges). In multi-layer skin, reducing epidermis conductivity
and/or increasing dermis conductivity decreased current near electrode edges, however no realistic
tissue layer parameters produced non-annular current flow at both epidermis and dermis.
Addition of just hair follicles, sweat glands, or blood vessels resulted in current peaks around each
ultrastructure, irrespective of proximity to electrode edges. Addition of only sweat glands was the
most effective approach in reducing overall current concentration near electrode edges.
Representation of blood vessels resulted in a uniform current flow across the vascular network.
Finally, we ran the first realistic model of current flow across the skin. Conclusion. We confirm prior
models exhibiting current concentration near hair follicles or sweat glands, but also exhibit that an
overall annular pattern of current flow remains for realistic tissue parameters. We model skin
blood vessels for the first time and show that this robustly distributes current across the vascular
network, consistent with experimental erythema patterns. Only a state-of-the-art precise model of
skin current flow predicts lack of current concentration near electrode edges across all skin layers.

1. Introduction

Low-intensity transcranial electrical stimulation (tES), including transcranial direct current stimulation
(tDCS) and transcranial alternating current stimulation (tACS), deliver current through electrodes
positioned at the scalp (Nitsche et al 2008, Bikson et al 2016). As a result, current densities in the skin are
much higher than in the targeted brain tissue (Bikson et al 2018). Related to this, while low-intensity tES is
typically well tolerated, mild adverse events are related to skin current flow including transient cutaneous
sensations (tingling, itching, sensation of burning) and erythema (Bikson et al 2009, Fertonani et al 2015,
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Aparício et al 2016, Bikson et al 2016, Paneri et al 2016, Antal et al 2017, Poreisz et al 2007). The occurrence
of these mild adverse events under (or near) electrodes is consistent with higher current density at the skin
under the electrodes. Understanding and optimizing skin current flow is of interest to: (1) further enhance
tES tolerability; (2) support higher (e.g. 3–4 mA) current stimulation (Khadka et al 2019, Reckow et al 2018,
Workman et al 2020); (3) enhance blinding in trials (Kessler et al 2012, Wallace et al 2016, Ezquerro et al
2017, Greinacher et al 2018, Fonteneau et al 2019, Turi et al 2019); (4) understand extra-cranial nerve
stimulation (Asamoah et al 2019, Adair et al 2020); (5) generally enhance tES technology such as reliability in
remote settings (Shaw et al 2017), dry-electrodes (Khadka et al 2018a), or reducing voltage requirements
(Hahn et al 2013).

The design of tES electrodes fundamentally impacts tES tolerability, effectiveness, and trial design
(e.g. perception levels and so sham effectiveness). Approaches to optimize electrodes for tES has focused on
managing electrochemical production (Minhas et al 2010) or skin current flow (Khadka et al 2018a), which
are impacted by electrolyte composition and contact-area (Dundas et al 2007, Ambrus et al 2011, Minhas
et al 2011). Because skin current flow patterns cannot be accurately measured, finite element method (FEM)
current flow models are relied on for reliable prediction (Miranda et al 2006, Sha et al 2008, Minhas et al
2011, Kronberg and Bikson 2012). Prior models consider skin as simplistic by representing the scalp as one
(homogenous; (Datta et al 2009b; Saturnino et al 2015)) or few (e.g. fat and skin; (Sha et al 2008, Truong et al
2013, Gomez-Tames et al 2016, Khadka et al 2018b)) compartments. There appears a fundamental mismatch
between the distribution of current flow as predicted by these simple FEM skin current flow models and
reported experimental outcomes. Models predict an extreme concentration of current density around
electrode edges (Miranda et al 2006, Datta et al 2009a, Saturnino et al 2015, Gomez-Tames et al 2016), while
erythema and temperature are largely uniform (Ezquerro et al 2017, Khadka et al 2018b). Lasting skin
irritation is not an expected effect of low-intensity tES, but when standard and established protocols (Woods
et al 2016) are not followed, the occurrences of skin lesions is not typically at electrode edges (Shiozawa et al
2013, Wang et al 2015).

If simplistic skin models do not accurately predict current flow distribution, the reason seems evident:
they do not represent the known structure of skin (Panescu et al 1993). Epidermis is the outer layer of the
skin including the exceptionally resistive stratum corneum (Yamamoto and Yamamoto 1976). The epidermis
and underlying dermis layer are penetrated by electrically conductive sweat glands (Kolarsick et al 2011,
Yousef et al 2020) and electrically resistive hair follicles. The epidermis is avascular while the dermis includes
a high blood vessel density (Kolarsick et al 2011, Luna et al 2015, Yousef et al 2020). The remaining tissue
layer of the skin is subcutaneous including fat and muscles (Kolarsick et al 2011, Yousef et al 2020). Few FEM
studies considered the role of skin structure in current flow. We previously developed a multi-layer skin
model to predict skin heating during tDCS (Khadka et al 2018b). Sha and colleagues developed a 2D FEM
model of multi-layer skin with a single geometric sweat duct which concentrated current density (Sha et al
2008). Gomez-Tames and colleagues developed a three-layer skin model with geometric hair follicles and
sweat glands which reduced current concentration at the edges due to current dispersion via sweat glands.

Experiments characterizing the complex skin impedance often accompanied the development of
lumped-parameter models. Spanning decades, both experiments and simulations were largely 1D,
considering variation in depth but not across the skin (Tregear 1966, Lykken 1970). These studies confirmed
that current concentrates in discrete channels (e.g. sweat ducts) (Mueller et al 1953, Geldard 1974). They also
demonstrated dependence on environmental factors (e.g. sweat) (Suchi 1955, Pierard-Franchimont and
Pierard 2015) including saturation by the electrolyte over time (Mason and Mackay 1976), and capacitive
(Schwan 1966, Edelberg 1977) and non-linear (e.g. ‘breakdown) responses to electrical current flow
(Grimnes 1983). Given the very-long time course of tES (hundreds of seconds), time-dependent changes
are not modeled here, while current-dependent effects are represented in the explored static
conductivities.

Finally, depending on the fraction of current shunted through the skin and other anatomical factors, skin
conductivity may impact current reaching the brain (Truong et al 2013, Opitz et al 2015, Saturnino et al
2015, 2019). Notably, there are three orders of magnitude variation in scalp conductivity values used across
various tES modeling pipelines (Miranda et al 2006, Kuhn et al 2009, Opitz et al 2015, Gomez-Tames et al
2016), which in part reflects the known variation across layers of skin. One modeling study (with
homogenous skin) suggested that brain current flow pattern may be impacted by current flow distribution at
the electrode (Saturnino et al 2015). Proper consideration of current flow through skin may impact brain
current flow during tES.
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2. Methods

2.1. Computational model and solutionmethod
2.1.1. Skin anatomy
Skin is a complex mosaic layer of tissues perforated by sweat ducts and hair follicles with different
characteristics (Panescu et al 1993). It is made up of three primary layers namely epidermis, dermis, and
subcutaneous/fat. Epidermis, the outermost layer of the skin, consists of predominantly keratin cells (dead
cells) and its thickness ranges from 50–150 µm depending on body region (Kolarsick et al 2011, Yousef et al
2020). Sweat ducts are filled with sweat which has an electrical conductivity equivalent to 0.1–0.4% saline
solution (Suchi 1955). The density of sweat glands varies across different skin regions (for example, on the
forearm:∼160 cm−2; on the palmer and planter surfaces of the hand and feet:∼370 cm−2) (Tregear 1966,
Edelberg 1977). The most superficial layer of the epidermis is stratum corneum (10–15 µm thickness), a very
poor conductor of electricity (Yamamoto and Yamamoto 1976). Dermis is the immediate layer under the
epidermis and contains living cells with greater blood vessels density that provide nutrition to the skin and
maintain thermoregulation (Luna et al 2015). The remaining tissue layer of the skin is subcutaneous and it
consists of fat, adipose tissue, connective tissues, and muscles (Kolarsick et al 2011, Yousef et al 2020). All
skin layers include nerves endings (sensors), synapses, and/or axons so current density patterns through each
is considered (Arthur and Shelley 1959, Kennedy and Wendelschafer-Crabb 1993, Chateau and Misery 2004,
Kolarsick et al 2011).

We modelled three classes of skin model: basic (homogeneous), intermediate (multi-layer with or
without ultra-structures), and advanced (high-resolution with realistic anatomy). The basic skin model, like
the prior skin model (Miranda et al 2006; Datta et al 2009b, Minhas et al 2011, Kronberg and Bikson 2012,
Saturnino et al 2015), is a homogeneous block representing combined mass of the skin tissues. The
intermediate model, which was adapted from our prior study (Khadka et al 2018b), represent the major skin
layers (epidermis, dermis, and subcutaneous fat). We assessed the role of the skin ultra-structures by
successively adding moderately-realistic (geometric shapes) hair follicles (diameter: 1 mm), sweat glands
(diameter: 1 mm), and blood vessels (diameter: 10 mm) into the multi-layer skin model. Finally, based on
the prediction from the multi-layer skin with moderately-realistic ultra-structures, we developed a
high-resolution anatomically realistic and detailed skin model. The anatomical shape (mosaic pattern,
folding, and ridge patterns (mainly in epidermis and dermis)), and dimensions (thickness and diameter) of
multi-layer and ultra-structures were based on prior cadaver (Kolarsick et al 2011, Yousef et al 2020) and
imaging data (Welzel 2001, Mogensen et al 2009, Olsen et al 2015, Hussain et al 2017). Specifically, the
standard thickness of the epidermis, dermis, and fat were 0.1 mm, 2 mm, and 3 cm, respectively. The
diameter of the hair follicles and sweat glands were 0.2 mm and 0.05 mm. The location of hair follicles and
sweat glands were allocated arbitrarily and were seeded alternatively across the skin surface. We only
modeled the lumen of blood vessels. The diameter of blood vessel was 0.12 mm and the intercapillary
distance was 50 µm.

2.1.2. Model construction and computational method
All variations of the skin models were modeled as computer-aided design (CAD) files in SolidWorks
(Dassault Systemes Americas Corp., MA, USA) and imported into Simpleware (Synopsys, CA, USA) to
generate an adaptive tetrahedral mesh using a built-in voxel-based meshing algorithm. The models were
refined to a finer mesh density until additional refinement produced less than 1% difference in predicted
voltage at the surface of the skin. The resulting mesh consisted of >6 million (mesh size- min: 0.5 mm; max:
1 mm), >28 million (mesh size- min: 0.08 mm; max: 1 mm), >31 million (mesh size- min: 0.08 mm; max:
1 mm), >29 million (mesh size- min: 0.08 mm; max: 1 mm), and >70 million (mesh size- min: 0.02 mm;
max: 1 mm) tetrahedral elements for homogeneous, multi-layer skin without ultra-structures, multi-layer
skin with either hair follicles or sweat glands (moderately-realistic geometric shapes), multi-layer skin with
only blood vessels (moderately-realistic geometric shapes), and high-resolution skin models, respectively.
The models were imported into COMSOL Multiphysics 5.1 (COMSOL Inc. MA, USA) to computationally
solve the FEM under steady-state assumption.

We defined standard conductivities for the skin layers and ultra-structures based on averaged value
from prior literatures as: 1.05× 10−5 S m−1 (epidermis); 0.23 S m−1 (dermis); 2× 10−4 S m−1 (fat);
1.65× 10−5 S m−1 (hair follicles); 1.4 S m−1 (sweat gland); and 0.7 S m−1 (blood vessels) (Yamamoto and
Yamamoto 1976, Werner and Buse 1988, Wilson and Spence 1988, Hodson et al 1989, Duck 1990, Hua et al
1993, Torvi and Dale 1994, Panescu et al 1994a, Gabriel et al 1996, Pavšelj et al 2007, 2007, Wagner et al 2007,
Sha et al 2008, Kuhn et al 2009, Çetingül and Herman 2010, Gomez-Tames et al 2016, Wake et al 2016,
Khadka et al 2018b). For the homogeneous skin model, we assigned three isotropic electrical conductivities:
standard epidermis conductivity: 1.05× 10−5 S m−1; moderate epidermis conductivity: 0.12 S m−1; and
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prior bulk skin conductivity: 0.465 S m−1 (Datta et al 2009b; Truong et al 2013, Leite et al 2018). For
the multi-layer skin model without ultra-structures, we assigned two epidermis (1.05× 10−5 S m−1,
0.12 S m−1) and dermis (0.23 S m−1, 1.05× 10−5 S m−1) conductivities while the fat conductivity remain
unchanged (2× 10−4 S m−1) (figure 2), and for model with ultra-structures, we assigned standard
epidermis (1.05× 10−5 S m−1), dermis (0.23 S m−1), and fat (2× 10−4 S m−1) conductivities (figure 3). We
further simulated a range of skin multi-layer tissue thickness (by halving and doubling the thickness of the
standard multi-layer model) to consider the impact of varied scalp locations used in tES montages, as well as
an arched multi-layer skin model with mosaic pattern across the skin layers to consider the impact of realistic
scalp/skin curvature of the head. Unless otherwise stated, multi-layer simulations had standard flat surfaces.
Two variants of epidermis conductivities (standard (1.05× 10−5 S m−1) and moderate (0.12 S m−1)) and
three variants of dermis conductivities (standard (0.23 S m−1), minimum (0.0023 S m−1), and maximum
(23 S m−1)) were assigned to the high resolution skin model (figure 4). In sum, a total of 78 variations of
skin layer conductivities were simulated. We modeled two sponge electrode types- thin (3.8 mm thickness)
and thick (5.6 mm thickness). Unless otherwise stated, we simulated flat-shaped thick sponge electrode
(1.4 S m−1).

For the boundary conditions, a static inward normal current density (Jnorm) corresponding to 1 mA was
applied through the top exposed surface of the sponge electrode (for both electrode types) positioned dorsal
to the skin voxel while the ventral surface of the skin voxel was grounded, with the remaining external
boundaries electrically insulated. Models were constructed such that current density was insensitive to the
modeled tissue exterior boundary size. The Laplace equation (∇(σ∇V)= 0) for voltage (and in turn electric
field and current density) was applied and solved as the field equations to determine the current densities at
different skin layers and ultra-structures. Predicted current density plots were sampled 10 µm below the
epidermis, dermis, and fat for all skin model variations. Average current densities for each skin layers were
sampled from a 1 cm× 1 cm ROI defined at the edge and the center of the pad. The ROI excludes current
density across or at the perimeter of the ultra-structures. The spatial current density profile was quantified at
each skin layers by sampling the predicted current density diagonally (edge-to-edge) and normalizing the
local current density to the maximum current density within either of the ROIs. The coefficient of annularity
of current density distribution (κ) was quantified as a ratio between the averaged current density at the edge
vs current density at the center of the sponge pad (κ= Jedge/Jcenter) for each layers where κ≤ 1 was accepted
as a non-annular pattern otherwise considered as an annular (κ > 1).

3. Results

3.1. Current flow in a homogeneous skin with varied conductivities
To understand the role of electrical properties of skin in current flow pattern, we first modeled a
homogeneous skin model with varied electrical conductivity (figure 1). We considered three electrical
conductivities of homogenous skin- (1) standard epidermis conductivity (1.05× 10−5 S m−1, figure 1(C1));
(2) moderate epidermis conductivity (0.12 S m−1, figure 1(C2)); and (3) prior bulk skin conductivity
(0.465 S m−1, figure 1(C3)). Compared to the prediction of prior bulk skin conductivity model
(figure 1(C3)), the peak current densities (at the electrode edges) predicted by the moderate epidermis
conductivity skin and the standard epidermis conductivity skin were∼8% and∼11% lower (figure 1(C1),
(C2), (C3)), respectively. However, all homogenous model variations predicted an annular current density
distribution at the surface of the skin (κ= 26.62 (standard epidermis conductivity); κ= 27.51 (moderate
epidermis conductivity); and κ= 29.70 (prior bulk skin conductivity) figure 1(B), C1, C2, C3).

3.2. Role of skin multi-layer in current flow
We adapted the previously developed multi-layer skin model (Khadka et al 2018b) and predicted the
role of skin layers with varied electrical conductivities on current flow patterns through the skin
(figure 2(A)). We first compared the model prediction by considering two epidermis conductivities
(standard:1.05× 10−5 S m−1 and moderate: 0.12 S m−1), and two dermis conductivities (standard
dermis: 0.23 S m−1 and standard epidermis value: 1.05× 10−5 S m−1) and standard fat conductivity
(2× 10−4 S m−1) (figures 2(C), (D), (E)). The standard conductivity multi-layer skin model predicted an
annular current density pattern (κ= 1.41) in the epidermis layer (figure 2(C)). The multi-layer skin model
with moderate epidermis conductivity, and standard dermis and fat conductivity (figure 2(D)), as well as the
model with low epidermis (standard value) and dermis (standard epidermis value) conductivity, and
standard fat conductivity (figure 2(E)) models also predicted an annular current density pattern at the
electrode edges in the epidermis (κ= 305 and κ= 12.51). In the dermis layer, current density pattern
remained annular at the electrode edges for all conductivity variations (κ= 8.21, κ= 212.50, κ= 4.45,
respectively), however in the fat layer, current density edge effect was eliminated (non-annular pattern) in
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Figure 1. Homogenous skin model and current flow. (A) Illustration of a homogeneous skin model with conventional tDCS
electrode. (B1) Diagonal (edge-to-edge, white line) current density plot, normalized to the peak current density (at the edge) for
standard epidermis conductivity (1.05× 10−5 S m−1), moderate epidermis conductivity (0.12 S m−1), and prior bulk skin
conductivity (0.465 S m−1) (color coded). (C1, C2, and C3) represent predicted current density plots sampled 10 µm below the
surface of skin for the three variants of skin electrical conductivity. Current density across conditions at the skin surface was
annular (κ > 1).

the standard skin layers conductivities (κ= 0.95), and moderate epidermis conductivity and standard
dermis and fat conductivity models (κ= 0.98), except for the low epidermis (standard value) and dermis
(standard epidermis value) conductivity and standard fat conductivity model (κ= 1.50) (figures 2(C), (D),
(E)). In the multi-layer skin model without ultrastructure, under no conductivity combinations did we
predict a non-annular current density pattern at both epidermis and dermis.

In order to consider variation in skin layers thickness as may vary across different scalp location and
among subjects, we simulated a range of skin multi-layer thickness by halving and doubling the standard
tissue thickness. The current flow pattern through the skin was insensitive to the multi-layer thickness (figure
not shown). Halving and doubling the skin multi-layer thickness resulted in predictions of comparable κ
value (annularity) at both epidermis and dermis as the standard conductivity multi-layer skin model
(halving: epidermis (κ= 1.52), dermis (κ= 8.93); fat (κ= 0.88); doubling: (epidermis (κ= 1.47), dermis
(κ= 4.27); fat (κ= 1.0)).

Mimicking the realistic anatomy of the human head, we also simulated a curvature skin/scalp multi-layer
model and assessed the role of curvature in current flow. Addition of curvature into the multi-layer skin
model produced similar predictions of an annular pattern at both epidermis and dermis layers (epidermis
(κ= 1.88), dermis (κ= 5.98)).

Expanding on the above, we conducted a sensitivity analysis considering various combinations of skin
layers electrical conductivities, to specifically consider under which parameters current is non-annular across
all skin layers. Here we simulated a thin sponge electrode. Altogether, 65 variant of electrical conductivity
(S m–1) combinations of epidermis (standard: 1.05× 10−5; range: 1.05× 10−3 to 1.05× 10−6 and
moderate: 0.12; range: 0.0012 to 12), dermis (standard: 0.23; range: 0.0023 to 23), and fat (standard:
2× 10−4; range: 0.02 to 2× 10−5) were simulated. None of the conductivity combination resulted in a
prediction of non-annular current density pattern (κ > 1) at both epidermis and dermis—only 17
conductivity combinations (reduced epidermis conductivity and/or increased dermis conductivity) resulted
in a non-annular pattern (κ≤ 1) in the epidermis (results not shown).

3.3. Role of skin multi-layer and isolated ultrastructures in current flow
Multi-layer alone did not address current flow pattern through the skin. Therefore, we modeled hair follicles,
sweat glands, and blood vessels within the multi-layer skin model. In this section, we start by modeling each
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Figure 2.Multi-layer skin model and current flow. (A) Illustration of a multi-layer skin (epidermis, dermis, and fat) model. (B)
shows normalized diagonal current density distribution profile. (C), (D), and (E) represent predicted current density sampled
10 µm below the surface of epidermis, dermis, and fat for standard skin layers conductivities, moderate epidermis conductivity
and standard dermis and fat conductivity, and low epidermis (standard value) and dermis (standard epidermis value)
conductivity and standard fat conductivity models, respectively. Compared to the homogeneous skin model, current density
predicted by the standard skin layer conductivities, and low epidermis and dermis conductivity and standard fat conductivity
model was relatively lower in the skin (epidermis). All model variations did not predict non-annular current density profile
(κ≤ 1) in both epidermis and dermis layer.

ultra-structure in isolation, with a geometric shapes (diameter of sweat gland and hair follicle: 1 mm, and
blood vessels: 10 mm), and using the standard epidermis (1.05× 10−5 S m−1), dermis (0.12 S m−1), and fat
(2× 10–4 S m−1) conductivities.

In the epidermis and fat layers, addition of only hair follicles (figure 3(D)) into the multi-layer skin
model resulted in a prediction of lower current density at the electrode edges compared to the center
(non-annular: κ= 0.59), and higher current density around the outer perimeter of the resistive hair follicles.
However, current density in the dermis layer was higher at the electrode edges compared to the center
(κ= 4.93), though still lower than the current density peaks around the hair follicles. In this case, in the fat
layer current density was non-annular (κ= 0.97).

When only sweat glands was added into the multi-layer skin (figure 3(E)), the model resulted in a
prediction of an annular current density pattern in the epidermis (κ= 1.25), with punctate peak current
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Figure 3. Successive addition of moderately-realistic skin ultra-structures (hair follicles, sweat glands, and blood vessels) into the
multi-layer skin model. (A) represents multi-layer skin model with sweat glands, hair follicles, and blood vessels. (B1, B2, B3)
shows normalized current density distribution in the epidermis, dermis, and fat for model variations. (C) shows current density
plots for multi-layer skin model without ultra-structures. (D) represents current density prediction with the addition of only hair
follicles. Reported current density is around the outer perimeter of the hair follicle. (E) represents current flow pattern with the
addition of only sweat glands, and (F) with the addition of only blood vessels into the multi-layer skin model. Sweat glands and
blood vessels provides conductive pathway for transcutaneous current flow to deeper skin layers, reflected by uniform current
density across them.

density around the sweat glands in both epidermis (530 A m−2) and dermis (245 A m−2). These current
density hotspots were consistent across sweat glands, both near and far from the electrode edges. In the fat
layer, the current density pattern was annular (κ= 1.15) with the hotspots mainly under the sweat glands.

Addition of only blood vessels into the multi-layer skin model (figure 3(F)) resulted in a prediction of an
annular current density pattern in the epidermis (κ= 1.88) and dermis (κ= 2.20). However, in the fat layer,
current density edge effect was eliminated (non-annular; κ= 0.77). Notably, current density across the
blood vessels was uniform under the electrode, both near and far from the electrode edges. Normalized
current density plots show that sweat glands and blood vessels influence current flow pattern across skin
layers (figure 3(B1), (B2), (B3)).
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3.4. Role of anatomically realistic and detailed skin multi-layer and ultrastructures in current flow
We developed the first high-resolution anatomically realistic and detailed skin model to assess how the
realistic tissue layers and multiple ultra-structures fundamentally change current flow pattern depending
upon the parameters. For each layer, we report the maximum current density which is predicted across sweat
glands in epidermis and dermis layer, and across blood vessel in fat layer.

We simulated the realistic skin model with four variants of electrical conductivities of the epidermis and
dermis. With moderate epidermis conductivity (0.12 S m−1) and standard dermis conductivity (0.23 S m−1)
(figure 4(B1)), the general current density pattern across the epidermis and dermis layer was annular (higher
at the electrode edges compared to the center) in both epidermis (κ= 13.51) and dermis layer (κ= 6.52).
Current concentration peaked in sweat glands in both epidermis and dermis layer. In the fat layer, the current
density edge effect was eliminated (non-annular: κ= 0.66) and the hotspots were localized under sweat
glands and across blood vessels. The realistic model with standard epidermis conductivity and maximum
dermis conductivity model (figure 4(B2)) predicted a non-annular current density in the epidermis
(κ= 0.76) and slightly annular distribution in the dermis (κ= 1.09), with the localized hotspots at sweat
glands across both layers. The current density in the fat layer was lower at the edges compared to the center
(non-annular: κ= 0.77), with hotspots under the sweat glands and across blood vessels. The standard
epidermis conductivity and minimum dermis conductivity model (figure 4(B3)) resulted in a similar
prediction of current density pattern in the epidermis, dermis, and fat layer, and across sweat glands and
blood vessels as in the standard epidermis conductivity and maximum dermis conductivity model.

The standard epidermis and dermis conductivity model (figure 4(B4)) predicted non-annular current
density in the epidermis (κ= 1.0) and fat layers (κ= 0.46), but an annular pattern in the dermis layer
(κ= 2.33). In both epidermis and dermis layers, local maximum current densities were predicted across the
sweat glands, and in the fat layer, current density was chiefly concentrated across the blood vessels and sweat
glands. The normalized current density profiles in the epidermis was comparable for all the conductivity
variation models (figure 4(C1)), except for the moderate epidermis conductivity and standard dermis
conductivity. Note that the current density fluctuations across skin layers were due to the mosaic
morphology of epidermis and dermis, and the ideocratic presence of the sweat glands, hair follicles, and
blood vessels along the plotted current density trajectory (current density is higher across sweat gland and
blood vessel, and around hair follicles) (figure 4(C1), (C2), (C3)). Overall, the results show that anatomically
realistic skin multi-layer and ultra-structures can fundamentally change the current flow pattern depending
upon the electrical conductivities.

4. Discussion

Applications of non-invasive electrical stimulation are very broad and long-standing, with most
low-intensity (few mA peak) medical forms well tolerated. Regardless of whether the target is superficial,
deep tissue, or transcranial, maximum current densities are inevitably generated at the skin. Adverse events
are often minor and reflect reactions at the skin (e.g. tinging). Efforts to enhance deployability (e.g. dry
electrodes; (Khadka et al 2018a)), support higher current (Khadka et al 2019, Reckow et al 2018, Workman
et al 2020), or otherwise further enhance tolerability and thus focus on skin effects. Skin effects can result
from electrochemical reactions at the electrode if they reach the skin surface (Merrill et al 2005, Minhas et al
2010) and from current flow through the skin. Skin is a complex non-linear mosaic structure and studies
characterizing and modeling current flow through skin date back decades (Hua et al 1993, Panescu et al
1994a, 1994b, Miranda et al 2006, Kuhn et al 2009, Datta et al 2009b, Arena et al 2011, Medina and Grill
2014, Gholami-Boroujeny et al 2015, 2015, Gomez-Tames et al 2016, Khadka et al 2018b). Nonetheless, here
we produce novel insight into questions not heretofore fully addressed, and also develop the first
anatomically precise model of skin current flow.

On the one hand, minimization of current concentration that is predicted to occur around electrode
edges (i.e. annular current density pattern) is a long-standing goal (Kim et al 1990, Wei and Grill 2005, Wang
et al 2014, Sathi and Hosain 2020), including for transcutaneous electrical stimulation (Krasteva and
Papazov 2002, Gilad et al 2007, Kronberg and Bikson 2012, Gomez-Tames et al 2016). On the other hand, we
speculated that the experimental findings from transcutaneous stimulation are inconsistent with current
flow concentration at the electrode edges (e.g. uniform erythema;(Dusch et al 2007, 2009, Ezquerro et al
2017)). A priori, we speculated that development of skin current flow models with increased detail and
appropriate parameterization would predict uniform current flow. To this end, we conducted and extensive
parameter sweep (figures 2, 3) and developed the first realistic FEM model of skin current flow (figure 4).

We conclude that no realistic parameterization of skin tissue layer conductivities in the absence of
skin-ultrastructure or with the presence of a single geometric ultrastructure will produce uniform bulk
current flow (not annular) pattern through both epidermis and dermis. Though plausible tissue parameters
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Figure 4. High-resolution anatomically realistic and detailed skin model and the current flow prediction. (A1) Illustration of the
realistic skin model with detailed skin layers (mosaic morphology), hair follicles, sweat glands, and blood vessels. (A2) Current
flow from electrode to deeper tissues with inset showing current density streamlines through the blood vessels and the sweat
glands. (B1, B2, B3, B4) predicted current density in the epidermis, dermis, and fat under varied epidermis and dermis electrical
conductivities. Moderate epidermis conductivity and standard dermis conductivity model predicted an annular current density
pattern in epidermis and dermis (κ > 1), and non-annular profile in fat layer (κ≤ 1). (B1) Standard epidermis conductivity but
varied dermis conductivities (maximum: 23 S m−1 and minimum: 0.0023 S m−1) predicted non-annular current density profile
in the epidermis and fat (κ≤ 1), and annular in the dermis (κ > 1). (B2, B3) Standard epidermis and dermis conductivity model
predicted non-annular current density in the epidermis and fat (κ≤ 1) but annular in dermis (κ > 1). (B4) Current flow across
the sweat gland and blood vessels were uniform (current density hotspot around sweat gland and blood vessels) and concentrated
around the hair follicles across (not reported) all simulation variations. (C1, C2, C3) represent normalized current density profile
at the epidermis, dermis, and fat, respectively. Noticeable fluctuations in current density at the epidermis and dermis emphasizes
the influence of skin anatomy and ultra-structures in skin current flow pattern.
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can reduce current concentration around the electrode edges, namely reduced epidermis conductivity and
increased/reduced dermis conductivity (figure 4(B2), (B3)). We also confirm prior effort using geometric
representation of skin hair follicles and sweat glands (Gomez-Tames et al 2016), that presence of these
ultrastructure result in punctate peaks in current flow; however, we show an annular pattern remains in the
skin bulk for all realistic parameters. We modeled a vascular network for the first time and predict a high and
uniform current density across the vascular network (i.e. not concentrated near electrode edges); a result
consistent with uniform erythema observed experimentally.

Only a model incorporating realistic skin anatomy and ultrastructure resulted in predictions of largely
uniform bulk current flow across skin layers under the electrode. To the extent current was annular under
some tissue parameters, it was only modestly so, and in some cases current density was in fact higher near the
electrode center (κ≤ 1).

Prior simulations that current concentrate around electrode edges is consistent across a broad range of
skin parameters, electrode shapes, sizes, and separation, and flat, circular, or realistic anatomy (Krasteva and
Papazov 2002, Faria et al 2011, Minhas et al 2011, Khadka et al 2015, Saturnino et al 2015). For example, in
two studies electrode sizes spanning 3 to 25 cm2, electrode separation spanning 2.5 to∼10 cm, with
placement across the scalp, spanning varied pediatric and adult heads, and varied scalp thickness and fat
content (e.g. obese), predicted an annular skin current flow (Kessler et al 2013, Truong et al 2013), consistent
with the prediction of our multi-layer skin model with varied thickness and curvature. Across modeling
studies, the proximity of the counter electrode has negligible or little impact on skin current flow pattern
(Kessler et al 2013, Truong et al 2013, Saturnino et al 2015) and current density is largely symmetric around
electrodes (Kessler et al 2013, Truong et al 2013)—these aspects also support the use of a generic return
boundary condition in our simulation and other skin models (Krasteva and Papazov 2002, Sha et al 2008,
Kronberg and Bikson 2012, Gomez-Tames et al 2016). Our fundamental proposition that current flow
models without ultra-structures predict a highly annular skin current flow pattern is robust and reinforced
here through the broad range of multi-layer skin parameters modeled here (figure 3). In this same sense, we
suggest that our finding that addition of ultra-structures were necessary to produce a uniform current flow
through epidermis and dermis should generalize across a range of electrode configurations.

The frequency and current dependent impedance of skin (and its various layers and structures) has been
exhaustively studied (Tregear 1965, Carter and Morley 1969, Lykken 1970, Yamamoto and Yamamoto 1977,
Woo et al 1992, Martinsen et al 1997, Dorgan and Reilly 1999, Huclova et al 2012, Luna et al 2015). When
impedance decreases with frequency, compartments of the skin are modeled as a dielectric (capacitor in
lumped parameter models) (Yamamoto and Yamamoto 1976, Grimnes 1983, Gabriel et al 1987, Martinsen
et al 1997). Increasingly complex skin responses are represented with various non-linear models to
stimulation frequency, current, exposure time, and environment conditions (Suchi 1955, Schwan 1966,
Mason and Mackay 1976, Edelberg 1977, Grimnes 1983, Pierard-Franchimont and Pierard 2015).
Nonetheless, for any given instant, skin current flow can be modeled by the effective resistivity of each
compartment. Therefore, varying the resistivity of skin compartments, as done here, allows considering a
range of possible current intensities, waveforms, and exposure conditions. Thus, we consider our conclusion
that ultra-structure is essential for non-annular skin current flow patterns generalizable across waveforms
and exposure conditions since multi-layer model failed to produce a uniform current flow across resistivities
tested.

Taken together, they suggest that precise representation of skin anatomy fundamentally impacts
predicted current flow patterns: (1) consistent with prior models, presence of hair follicles or sweat glands
produces punctate current density peaks; (2) we show that consideration of blood vessels produces uniform
current, maximum across the vascular network; (3) only a model with complete anatomical detail predicted
absence of current concentration near electrode edges across all skin layers.
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