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a b s t r a c t

Background: The adoption of transcranial Direct Current Stimulation (tDCS) is encouraged by portability
and ease-of-use. However, the preparation of tDCS electrodes remains the most cumbersome and error-
prone step. Here, we validate the performance of the first “dry” electrodes for tDCS. A “dry electrode”
excludes 1) any saline or other electrolytes, that are prone to spread and leaving a residue; 2) any ad-
hesive at the skin interface; or 3) any electrode preparation steps except the connection to the stimulator.
The Multilayer Hydrogel Composite (MHC) dry-electrode design satisfied these criteria.
Objective/Hypothesis: Over an exposed scalp (supraorbital (SO) regions of forehead), we validated the
performance of the first “dry” electrode for tDCS against the state-of-the-art conventional wet sponge-
electrode to test the hypothesis that whether tDCS can be applied with a dry electrode with comparable
tolerability as conventional “wet” techniques?
Methods: MHC dry-electrode performance was verified using a skin-phantom, including mapping
voltage at the phantom surface and mapping current inside the electrode using a novel biocompatible
flexible printed circuit board current sensor matrix (fPCB-CSM). MHC dry-electrode performance was
validated in a human trial including tolerability (VAS and adverse events), skin redness (erythema), and
electrode current mapping with the fPCB-CSM. Experimental data from skin-phantom stimulation were
compared against a finite element method (FEM) model.
Results: Under the tested conditions (1.5mA and 2mA tDCS for 20min using MHC-dry and sponge-
electrode), the tolerability was improved, and the erythema and adverse-events were comparable be-
tween the MHC dry-electrode and the state-of-the-art sponge electrodes.
Conclusion: Dry (residue-free, non-spreading, non-adhesive, and no-preparation-needed) electrodes can
be tolerated under the tested tDCS conditions, and possibly more broadly used in non-invasive electrical
stimulation.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive
brain stimulation tool used in healthy and patient populations
where a weak direct current (1e2mA) is applied through two or
more electrodes placed on the scalp [1], [2]. A major contributor to
the rapid and broad adoption of tDCS is portability and ease-of-use.
tDCS is well tolerated with common mild side-effects such as
Engineering, The City College
NY, 10031, USA.
).
transient cutaneous sensations (for e.g. as warmth, itching, and
tingling) and erythema [3e7]. However, when (and only when)
established standard protocols are not followed [8], tDCS can pro-
duce significant skin irritation [9e12]. Given that cutaneous
sensation and irritation are the primary risks of tDCS [3] [7] [13],
[14], proper electrode preparation and monitoring are vital for
tolerability and reproducibility [4] [6], [15]. Yet, the preparation and
placement of tDCS electrodes remain the most cumbersome and
prone-to-error steps [7]. For example, both the level of sponge fluid
saturation and head-gear tightness need to be titrated to balance
good skin contact while avoiding of saline spread, and sponges can
dehydrate or move [16] over an extended time. Thus, despite suc-
cess with current research/clinical grade equipment and
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accessories, even for remote-supervised home use [17], there is an
interest to continue to enhance technology to deploy tDCS.

The sponge-pocket style electrode (25e35 cm2) with conductive
rubber insert, pin connectors, and saline application by the oper-
ator is the most traditional tDCS electrode used [16] [18], but most
prone to preparation error, notably when poor materials are used
by insufficiently trained users [19]. Circular sponges do not appear
to provide an advantage [14], [20]. The introduction of pre-saline-
saturated snap-connector sponge electrodes [21] automates most
of the sponge electrode preparation process. Electrolyte gel or paste
is used in specialized tDCS application (e.g. inMRI [22]). Specialized
adhesive hydrogels electrodes can support tDCS [4]. High-
Definition electrodes with a distinct small form factor (~1 cm
diameter [23]) use specialized hydrogels [24]. What all these
electrodes design share, is a “wet” electrode-skin-interface, where
a fluid or viscous electrolyte is assumed to saturate the skin [25],
which in turn result in some residue on the skin.

Here, we validate the performance of the first “dry” electrodes
for tDCS. Dry electrodes exclude: 1) any saline or other conductive
hydrogel-based gel or paste, that are prone to leak or spread, and
that leave a residue; 2) any adhesive at the skin, either around the
electrode or part of the hydrogel; or 3) any electrode preparation
steps by the operator except connection to the stimulator. A novel
Multilayer Hydrogel Composite (MHC) electrode design fulfills
these criteria. FEM models and a skin-phantomwere used to verify
electrode performance followed by tolerability validation in
healthy subjects. Adverse events, erythema, and VAS pain were
scored using established protocols [4] [7] [10], [13], [26]. In addi-
tion, we developed a biocompatible flexible printed circuit board
current sensor matrix (fPCB-CSM) to map current distribution in-
side the electrode during phantom or subject stimulation. In all
experiments, MHC dry-electrode performance was compared
against a state-of-the-art sponge electrode to address the hypoth-
esis: can tDCS be applied with a dry electrode with comparable
tolerability as conventional “wet” techniques.
Fig. 1. A configuration of conventional sponge and MHC-dry electrode, with and witho
false colormap measured in the electrode using fPCB voltage sensor. (A1, B1) Electrical s
electrode configuration. A biocompatible rubber strap secured both electrode types on the
customize novel fPCB current mapping sensor array unit (bottom panel of B1) positioned
Current mapping data measured from 12 participants for either electrode type (false colorm
2. Materials and methods

This study involves experimental measures in phantom
(voltage) and participants (via VAS and adverse events reporting
questionnaire), computational FEM simulation in phantom, current
mapping in the electrode, and an algorithm based image processing
of erythema distribution.

2.1. Participants

The study was conducted in accordance with the protocols and
procedures approved by the Institutional Review Board of the City
College of New York, CUNY. Twenty healthy participants (13 males
and 7 females; age 19e34 years; mean age 24.7± 4.9) completed
this study. Volunteers with any sign of skin disorder/sensitive skin
(ex. eczema, severe rashes), blisters, open wounds, burn including
sunburns, cuts or irritation (e.g. due to shaving), or other skin de-
fects which compromise the integrity of the skin at or near stim-
ulation locations were excluded from this study. However,
participants on mild acne medication with non-irritating skin dis-
orders were not excluded. Similarly, prospective volunteers with
any neuropsychiatric disorders or receiving medication for such
disorders were excluded from this study. Participants volunteered
in four different tDCS sessions using 1.5mA and 2mA current in-
tensities plus an additional two sessions at 2mAwith the fPCB-CSM
for both MHC dry and sponge-electrodes in a randomized order. All
participants provided written informed consent to participate in
the study. Participants were seated in an upright relaxed position
and performed a lexical decision task throughout the duration of
the stimulation.

2.2. Novel sensor array

The current sensor made up of a novel biocompatible flexible
printed circuit board current sensor matrix (fPCB-CSM) comprises
ut fPCB within-electrode current mapping sensor. and voltage map represented as
timulation set-up on a participant's forehead using a bifrontal (left/right SO) montage
forehead and the electrodes were connected to the stimulator. In some experiments, a
inside the electrode mapped at the different location of electrode plane during tDCS.
ap for each sensor).



Fig. 2. Electrical performance of conventional sponge-electrode and MHC dry electrode verified using a skin-phantom and FEM simulations. Phantom voltages and electrode
currents were measured using the Ag/AgCl array or fPCB-CSM, respectively, with corresponding FEM prediction. (Ai) Architecture of a phantom model showing expanded cut off
view of rubber electrode, sensor array, and sponge-electrode assembly on the phantom-gel surface. (Aii) illustration of fPCM-CSM sensor unit positioned over sponge pad. (Aiii)
represents an orientation of current density flow streamlines from inside of the electrode to the phantom. (A1) Voltage distribution measured experimentally and predicted by FEM
simulation at the sensor-electrode interface and phantom bulk surface. The leftmost panel of A1 illustrates side-view of the electrode-sensor and phantom assembly, and predicted
voltage distribution at the sensor-electrode interface (dorsal), within-sponges (medial), and phantom bulk surface (ventral). Middle row of A1 shows FEM prediction of voltage
distribution at the sensor-electrode interface and phantom bulk surface using simulation result (A1ai, A1bi) and false voltage distribution map at each small squared surface that
resemble the shape of the experimental sensor arrays (A1aii, A1bii) and the measured voltage from experimental measures (A1c). Peak FEM predicted voltage at the sensor-electrode
interface was 0.126 V and 0.122 V at the phantom bulk surface. Experimental voltage measurement at the phantom bulk surface was 0.22 V (peak). (A1d) Graphical representation of
voltage line graphs plotted from diagonal voltage components at the sensor-electrode interface and phantom bulk surface (FEM prediction results), and an experimental measure.
Position of the sensors is represented as numbers in a diagonal fashion as illustrated in A1ai, A1bi and A1c. Results represents an overall distribution map of voltage. (A2) represents
current/current density measured experimentally and predicted by the FEM simulation at the sensor-electrode interface and phantom bulk surface. Panel at the left of A2 shows
stacked view of current density distribution from sensor-electrode interface (dorsal), within-sponges (medial), and phantom bulk surface (ventral). FEM prediction of current/
current density and experimental measurement of current are shown in the middle panel of A2. Peak current of 5 A/m2 (A2a) and a peak current of 0.135mA (A2aii) was predicted at
the sensor-electrode interface, whereas at the phantom bulk surface FEM predicted a peak current density of 0.47 A/m2 (A2bi) and a peak current of 0.0164mA (A2bii). Current
measured experimentally (A2c) at the sensor-electrode interface was almost uniform. (A2d) Representation of line plots of diagonal current measured experimentally and predicted
by FEM at sensor-electrode interface and phantom bulk surface. (Bi) Illustration of MHC dry electrode positioning over the phantom-gel surface. (Bii) schematics of the sensor array
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two units: 1) measuring unit (top view) and 2) sensor unit (bottom
view) (Fig. 1, Fig. 2A and B). The measuring unit (rubber electrode
positioning side) of the novel sensor array has an exposed gold (Au)
plated uniform copper (Cu) metal surface, whereas on its distal
side, there are twenty-five 50U soldered resistors (5 rows and 5
columns of resistors) and five common grounds for each row. The
sensor unit underneath the measuring unit (sponge/MHC-dry
electrode side) has a high heat resistance polyimide insulating
substrate that divides the conductive metal into twenty-five small
sensor electrode arrays. Each of these twenty-five sensor arrays is
connected independently to the twenty-five test resistors located
at the measuring unit. Each end of the sensor array has a dimension
of 5 cm� 5 cm x 0.03 cm (Fig. 1). The entire sensor array is
assembled into one compound unit using a biocompatible poly-
imide substrate.

2.3. Voltage sensor array for phantom study

Twenty-Five Ag/Agcl pellet shaped electrodes (diam-
eter¼ 1mm) were embedded inside an agar phantom (based on
[27] [28]) such that the planar assembly mimics the shape of an
overlaid 5� 5 cm2 tDCS electrode, and the position of each elec-
trode corresponds to the center of the 25-small fPCB-CSM sensor
arrays. An embedded reference electrode placed 5 cm away from
the twenty-five electrode array was used as a ground for voltage
measurement across the recording electrodes.

2.4. MHC dry-electrode

The dual layer structure of the MHC dry-electrode includes
independently optimized mechanical, electrical, and chemical
properties of the hydrogel. The top layer (thickness, 0.6mm) of the
MHC dry-electrode was composed of an adhesive polymer hydro-
gel, whereas the bottom layer (thickness, 1mm) had a non-
adhesive bio-compatible polymer hydrogel containing Poly-Vinyl
Alcohol (PVA) (Fig. 1). Both layers were optimized in a way that
the top layer becomes less resistive to redistribute the injected
current across the electrode plane, whereas the bottom layer be-
comes highly resistive layer andminimizes current clustering at the
skin [18]. Furthermore, any electrochemical produced (e.g. pH
changes) at the electrode (non-ionic/ionic conduction) interface
within the electrodes were optimized using the top layer as a
diffusion barrier [25]. The electrode components weight by per-
centage) were: cross-linked acrylic resin (top layer: 15e25; bottom
layer: 15e25); polyhydric alcohol (top layer: 40e60; bottom layer:
30e60); NaCl as an electrolytic salt (top layer: < 10; bottom layer: <
8); additives/stabilizers (top layer: < 0.5; bottom layer: < 0.5);
deionized water (top layer: 20e40; bottom layer: 20e40); polyvinyl
alcohol resin (top layer: none; bottom layer: 1e5).

The effectiveness of the MHC dry-electrode was successfully
evaluated not only as a current re-distribution layer but also as a
diffusion barrier layer [29]. In the diffusion barrier test, pH changes
were measured at the entire conductive silicone rubber/top
hydrogel layer, top/bottom hydrogel layer, and bottom hydrogel
layer/skin interface after 2mA 30min stimulation. There was no pH
rendered on top of the MHC dual-layered (top layer: 0.1 S/m and bottom layer: 0.001 S/m) dr
from the surface of rubber electrode to the phantom. Left panel of B1 shows slice view of el
MHC dry electrode, and phantom bulk surface. Middle panel of B1 is an illustration of voltage
phantom bulk surface: B1bi, B1bii) and measured experimentally (B1c). Peak predicted volta
whereas experimentally, a comparable peak voltage of 0.23 V was measured as that of the s
direction. (B2) Stacked slices of current density distribution at the sensor-electrode interface
peak current density of 5 A/m2 as that in the sponge electrode was predicted at the sensor-
current density (B2bi) and current (B2bii) at the phantom bulk surface was comparable to th
the center but without edges). Comparable current as in the conventional sponge electrode
graph was almost identical to that of conventional sponge electrode (B2d).
change at the bottom/skin hydrogel interface. Only less than 0.3% of
the total electrode area showed pH change at the top/bottom
hydrogel layer interface (n¼ 30).

2.5. Electrode preparation and placement

The experiment was conducted on rectangular phantom bulks
(15 cm� 8 cm x 5 cm; prepared using established standard pro-
tocols as discussed in Ref. [27] [28]). Prior to the electrode place-
ment, a thin coat (~0.5 cm) of conductive electrode gel (Signa gel,
Parker Laboratories Inc., NJ, USA) was applied over the agar phan-
tom bulk. Conductive gel was used to maintain a consistent contact
between the stimulation electrodes and the phantom. For the
phantom study, the conventional sponge-electrode (5� 5 cm)were
first soaked with saline (0.9% NaCl) and a conductive carbon rubber
(5� 5 cm, Carbon Rubber Electrode, Soterix medical Inc., NY, USA)
was inserted inside the sponge pocket. While thewhole assembly is
often referred as an electrode in tDCS, the electrode is technically
the conductive rubber and the saline/gel is technically the elec-
trolyte [19]. Two electrodes (anode and cathode; 5� 5 cm each)
were then positioned on the phantom with an interelectrode dis-
tance of 10 cm and connected to a tDCS stimulator (1� 1 tDCS,
Soterix Medical Inc., NY, USA). The non-adhesive bottom layer of
the MHC dry-electrode was placed over the phantom bulk and a
conductive silicone rubber was positioned on the top adhesive
layer of the MHC-dry electrode which was connected to the tDCS
device.

For the human study, a bifrontal montage (anode left and
cathode right on the supraorbital (SO) region of a forehead) was
used to place both type of electrodes. Note that we selected this
particular montage to overcome the major limitation of the MHC
dry-electrode- not applicable in hairy regions of scalp unlike the
conventional “wet” sponge-electrode. Electrodes were positioned
and secured over the brain region using an elastic fastener (Soterix
Medical Elastic Fastener, Soterix Medical Inc., NY, USA).

When current at the electrode was measured, the fPCB-CSM
array was placed in between the sponge or MHC dry-electrode
(bottom) and the conductive carbon/silicone rubber electrode
(top). Together they formed a stacked electrode configuration of
rubber electrode, fPCS-CSM array, and sponge/MHC dry-electrode
respectively.

2.6. Stimulation and current/voltage measurement

A weak 1.5 or 2mA direct current (with an additional linear
ramp up and down of 30 s at the beginning and at the end of
stimulation) from a tDCS stimulatorwas applied in both human and
phantom studies through sponge or MHC dry-electrodes. In the
human study, voltage was measured across each test resistor
located at the measuring unit of the fPCB-CSM using a digital
multimeter (Fluke 87 V Industrial Multimeter, Fluke Corporation,
WA, USA) and the corresponding current was calculated using the
Ohm's law. In the phantom bulk experiment, voltagewas measured
across the twenty-five embedded recording electrodes using a low
power instrumentation amplifier (AD620, Analogue Devices, MA,
y electrode. (Biii) represents uniformly seeded current density streamlines distribution
ectrode assembly and FEM predicted voltage at the sensor-electrode interface, within-
distribution as predicted by FEM simulation (Sensor-electrode interface: B1ai, B1aii and
ge was 3.2 V at the sensor-electrode interface and 0.16 V at the phantom bulk surface,
ponge-electrode. Line plots of voltages shows even voltage distribution in the diagonal
, within the MHC electrode, and at the phantom bulk surface (left panel). A comparable
electrode interface (B2ai) whereas mean peak current was 0.082mA (B2aii). Predicted
at of the sponge-electrode and the distribution was almost uniform (slightly higher at
was measured at the senor-electrode interface (B2c). Diagonal current distribution line
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USA), whereas current at the electrode was measured using the
aforementioned procedure as in the human study. Note that for
current measurement at the electrode in both human study and
phantom study, the fPCB-CMS was positioned over the sponge or
MHC dry-electrode and the carbon/silicone rubber electrode was
placed on the top surface of the sensor.

2.7. Pain and adverse events

Headache, neck pain, scalp pain, tingling, burning sensation,
itching sensation, sleepiness, trouble concentrating, dizziness, and
nausea were assessed through self-reporting questionnaires
completed by the participants before and after each session
(Table 1). The intensity of the events was rated from 1 - 4
(1¼ absent, 2¼mild, 3¼moderate, and 4¼ severe) and their
relationship to tDCS was rated in a scale from 1 - 5 (1¼ none,
2¼ remote, 3¼ possible, 4¼ probable, and 5¼ definite). A visual
analogue scale (VAS) was used during the 20min 1.5mA or 2mA
stimulations to report skin sensation or pain (if any) in a scale of
1e10 (1: no or minimum pain and 10: unbearable pain). Stimula-
tion was aborted if a participant reported a VAS of 7 or above. The
VAS for pain was collected during the stimulation, while the par-
ticipants were performing the lexical decision task. The lexical
decision task was presented as a mixture of words (e.g. house, ship,
sleep, etc.) and pseudowords (nonsense strings that represented
the phonotactic rules of a language, like trud in English) and par-
ticipants reported whether the presented stimulus was a word or a
pseudoword. The lexical decision task was paused every 2min to
allow participants time to report the VAS.

2.8. Computational model and solution method

The phantom was modeled as a homogenous and isotropic
volume conductor of dimension 15 cm� 15 cm x 3.55 cm
(including a 0.5mm thin layer of conductive gel). Computer-aided
design models of phantom bulk, conductive gel, sponge or MHC
dry-electrode, sensor arrays, and rubber electrode (Figs. 2 and 3)
were modeled in SolidWorks (2013) (Dassault Systemes Americas
Corp., MA, USA) and were assembled in ScanIP software (Synopsys,
Exeter, UK). Dimensions of rubber electrode, MHC dry-electrode,
sponge, and sensor arrays were based on the experimental
values. An adaptive tetrahedral meshing algorithm was imple-
mented in ScanIP to generate meshes of the phantom bulk for both
conventional sponge-electrode and MHC dry-electrode simulation
cases. The finite element method (FEM) models of the volumetric
meshes were then imported and solved in COMSOL Multiphysics
4.3 (COMSOL, Inc., MA, USA) using electric current physics at a
steady-state assumption. The final FEM phantommodel was solved
for greater than 600,000� of freedom and had greater than 400,000
tetrahedral elements. The phantom conductivities were based on
prior literature [28]. The Laplace equation (V (sVV)¼ 0 where ‘V’ is
potential, ‘s’ is conductivity) was solved to simulate direct current
stimulation. Boundary conditions for phantom simulation were
applied as uniform normal current density (inward current flow:
Jnorm) at the top exposed surface of the anode (2mA) and ground at
the bottom surface of the phantom bulk layer. All other external
surfaces of the phantom bulk model were electrically insulated.
Two versions of MHC dry-electrodes with varying electrical con-
ductivities of the top and bottom layers were simulated (MHC dry-
electrode Variation I and II; Fig. 3).

2.9. Image post processing and analysis

The photographs of participant's forehead (area under anode)
taken immediately after stimulation were analyzed for erythema
distribution using a customized MATLAB (MathWorks, MA, USA)
based image processing graphical user interface (GUI) as previously
illustrated in Ref. [26] (Fig. 4).

2.10. Statistical tests

Normality of the VAS, cumulative adverse events responses, and
adverse events in relationship to tDCS were tested using Shapiro-
Wilk tests with Lilliefors significance correction across electrode
types (dry-electrode vs. sponge-electrode) and stimulation in-
tensities (1.5mA vs. 2mA). A corresponding non-parametric test
(Wilcoxon signed rank test) or a parametric test (repeated mea-
sures ANOVA) probed significance of the data. A critical value (a) of
0.05 was accepted as a significant difference between groups.

3. Results

Voltage and current density/current distribution at the sensor-
electrode interface and phantom bulk surface during direct cur-
rent stimulation (2mA, 20min) were predicted by FEM simulation
(phantom) and measured experimentally (phantom gel and in vivo
study) using both conventional sponge-electrode and MHC dry-
electrode. In addition, VAS score, lexical decision task response,
and adverse event analysis based on participants' rating and
response were analyzed.

3.1. In vivo current mapping

The fPCB-CSM mapped the overall current distribution inside
both sponge-electrode andMHC dry-electrodewith 2mA tDCS. The
distribution was represented as a heat map (mean and standard
deviation, or intersubject variability) where each square represents
current at one sensor position (Fig.1A2,1A3,1A4: Sponge-electrode
and 1B2, 1B3, 1B4: MHC dry-electrode). The total current across all
fPCM-CSM sensors was 2mA in all cases, as expected. Across in-
dividuals, there was no evident concentration of current at any
fPCM-CSM sensor or sensors, for either MHC dry-electrode or
sponge-electrode. On an individual basis, hot spots (e.g. 6�
average) were detected but with no consistent pattern suggesting
that it reflect idiosyncratic contact of the electrode with the skin
surface or internal skin or electrode inhomogeneities. In any case,
there was no average or individual electrode observation of current
concentration at the electrode edge (at sensors around the perim-
eter) as much be predicted based on prior models [14] [18],
[30e32].

3.2. Erythema distribution

Erythema was diffused across the skin-electrode contact area in
both MHC dry-electrode and sponge-electrode for both stimulation
intensities as indicated by the probability heat map. For the MHC
dry-electrode, the peak cumulative probability of erythema distri-
bution for 1.5mA was 50%; 41.2% for mild and 17.65% for strong
(Fig. 4B1) whereas for 2mA (Fig. 4B2), the cumulative erythema
percentage was 73.53%; 52.9% for mild and 32.35% for strong.
Conventional sponge-electrode had the peak probability of 50%
erythema distribution for 1.5mA (Fig. 4B3); 50% for mild and 18.9%
for strong, and for 2mA (Fig. 4B4), the peak cumulative erythema
was 71.1%; 57.9% for mild and 26.32% for strong. The mean proba-
bility of erythema distribution yielded by MHC dry-electrode and
conventional sponge-electrode were comparable (Fig. 4).

Performance of conventional sponge-electrode and MHC dry-
electrode with variations: FEM prediction and Experimental
Measures.
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For Sponge-electrode, the FEM model predicted a peak voltage
of 0.126 V at the sensor-electrode interface (Fig. 2A1ai, 2A1aii) and
0.122 V (peak) at the phantom bulk surface (Fig. 2A1bi, 2A1bii). An
embedded electrode array positioned at the phantom bulk surface
measured a maximum voltage of 0.22 V (Fig. 2A1c). Predicted
voltage and experimentally measured voltage (Mean± SD) distri-
bution line plots were almost even across diagonal direction
(Fig. 2A1d), however at the center of the phantom bulk surface, it
was slightly higher. The FEMmodel of sponge-electrode predicted a
peak current density of 5 A/m2 and a peak current of 0.135mA at
the sensor-electrode interface, whereas at the phantom bulk sur-
face, the predicted peak current density and peak current were 0.47
A/m2 (Fig. 2A2bi) and 0.0164mA (Fig. 2A2bii) respectively.
Maximum current measured experimentally at the sensor-
electrode interface for sponge-electrode was 0.10mA and the
overall current distribution was uniform (Fig. 2A2c). However, the
FEM model predicted somewhat higher current density/current at
the edges (Fig. 2A2d).

For MHC dry-electrode, the predicted peak voltage at the
sensor-electrode interface was 3.2 V (Fig. 2B1ai, Fig. 2B1aii) and
0.16 V at the phantom bulk surface (Fig. 2B1bi, Fig. 2B1bii), higher
than the conventional sponge-electrode. The experimental voltage
measured at the phantom bulk surface during MHC dry-electrode
stimulation was comparable to that of sponge-electrode (Fig. 2B1c
and Fig. 2A1c). The FEM model predicted peak current density and
current were 5 A/m2 and 0.082mA at the sensor-electrode interface
and 0.41 A/m2 and 0.0198mA at the phantom bulk surface
(Fig. 2B2ai and Fig. 2B2aii, and Fig. 2B2bi and Fig. 2B2bii) for theMHC
dry-electrode. Overall current distribution at the phantom bulk
surface was almost uniform, with peaks around the center
(Fig. 2B2bi). Current distribution measured experimentally during
MHC was comparable to that of conventional sponge-electrode
(Max: 0.10mA, Fig. 2B2c).

In MHC dry-electrode Variation I, the FEM predicted similar
voltage and current density/current distribution as that of the
original MHC dry-electrode (Figs. 2 and 3). However, results from
MHC variation II were lower than that of the original configuration
of dual hydrogel layers. In MHC variation II, the peak voltages at the
sensor electrode interface and phantom bulk surface were 0.19 V
and 0.15 V (Fig. 3B1ai, Fig. 3B1aii, and Fig. 3B1bi, Fig. 3B1bii), and the
predicted peak current density and current at the sensor electrode
interface and phantom bulk surface were 5 A/m2 and 0.0855mA,
and 0.35 A/m2 and 0.0168mA respectively (Fig. 3B2ai, Fig. 3B2aii,
and Fig. 3B2bi, Fig. 3B2bii).

3.3. Tolerability

A total of 120 treatment sessions were conducted, including the
in vivo current mapping study. No serious adverse events were
reported. Eight participants withdrew from the study: six partici-
pants withdrew due to scheduling issues (i.e. inability to meet
scheduling criterion for a minimum of four sessions), one partici-
pant withdrew due to itching during a 2mA MHC dry session (the
only withdrawal during a session), and one participant withdrew
without stating a reason. Thus, all but one withdrawal were
between-sessions. In total, twenty subjects completed the entire
study and group level analysis were conducted on only these 20
subjects. tDCS adverse events were assessed by a self-report
questionnaire immediately post-stimulation period (session-wise
data, Table 1). The most common adverse events with the highest
incidence across all treatment groups were skin tingling, burning,
and itching sensations. The cumulative adverse events across
stimulation intensities (1.5mA (Mdn¼ 1) Vs 2mA (Mdn¼ 1)) when
analyzed using the Wilcoxon signed-rank test (non-parametric
test) were not significantly different (Z¼ -0.003, P¼ 0.997),



Fig. 3. Performance of MHC dry electrode with variations in electrical conductivities of the dual layers. Voltage and current/current density distribution as predicted by
FEM at the sensor-electrode interface and the phantom bulk surface are represented. (A) Illustration of voltage distribution at the sensor-electrode interface and phantom bulk
surface when the conductivities of the dual layers are reversed (MHC dry-electrode Variation I: top layer: 0.001 S/m and bottom layer: 0.1 S/m). Stacked slice view of voltage
distribution from dorsal to ventral end of the MHC Variation I electrode-phantom assembly (left panel). FEM model predicted a comparable voltage at the sensor-electrode interface
(A1ai, A1aii) and phantom bulk surface (A1bi, A1bii) as that of the actual MHC dry electrode. (A2) represents current density and current distribution as predicted by FEM simulation.
The overall distribution of current density and current was analogous to the MHC dry-electrode (A2ai, A2aii, A2bi, A2bii, A2c). (B) Voltage and current density/current distribution
with MHC dry-electrode Variation II (top layer and bottom layer: 0.1 S/m). The left panel of B1 represents a distribution of voltage at the sensor-electrode interface and phantom
bulk surface. FEM simulation predicted slightly lower peak voltage (0.19 V) at the sensor-electrode interface compared to the actual MHC dry-electrode (B1ai, B1aii), whereas peak
voltage at the phantom bulk was comparable (B1bi, B1bii). Representation of current density distribution at different interfaces (B2). The simulation predicted comparable current
density (B2ai) and current (B2aii) at the sensor-electrode interface, however, at the phantom bulk surface, current density (B2bi) and current (B2bii) was slightly lower than that of
MHC dry electrode. (B2c) represents variation in current at the sensor-electrode interface and phantom bulk surface.

N. Khadka et al. / Brain Stimulation 11 (2018) 1044e10531050
whereas across electrode types (MHC dry-electrode (Mdn¼ 1) Vs
sponge-electrode (Mdn¼ 1)), the adverse events were higher for
the sponge-electrode (Z¼�2.344, P¼ 0.019) (Fig. 5). When
analyzed the interaction between the electrode types and stimu-
lation intensities in relationship to the tDCS, the adverse events
were comparable (Z¼�1.760, P¼ 0.078; Z¼�0.439, P¼ 0.660).
The median for stimulation intensities and the electrode types was
1 (Fig. 6). Since therewas no significant time effect (P> 0.05) on the
VAS data (VAS collected every 2min during each stimulation ses-
sion), the time data sets were collapsed together and analyzed for



Fig. 4. Graphical representation of skin redness (erythema) distribution over the site of stimulation after tDCS (20min, 1.5mA, and 2mA). (A1) depicts the image analysis
steps where photographs of participants taken immediately after stimulation were passed through series of filters to isolate erythema region from the site of stimulation by defining
a region of interest (ROI). (A2) represents a binary mask of erythema image traced by the rater. (A3) shows steps of computing the probability of erythema distribution by stacking
all binary erythema mask. (A4) illustrates the mean heatmap of erythema distribution across subjects represented as a percentage across the ROI. Peak represent 100% probability in
the color bar and probability was depicted as mild, strong, and combined heatmaps. (B1, B2) are erythema heatmaps of 1.5mA and 2mA using MHC dry electrode and (B3, B4)
represents heatmaps for sponge-electrode. Combined erythema distribution was widely diffused with a comparable peak probability of erythema in both electrode types. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Representation of adverse events for both MHC dry-electrode and sponge-electrode across stimulation intensities (1.5mA and 2mA) on a scale of 1e5; 1: none, 5:
max. Participants are color-coded. The highest incidence of adverse events across all treatment groups were skin tingling, burning, and itching sensations (A1, A2, B1, B2). There was
no statistically significant difference (P> 0.05) in adverse events between stimulation intensities, however between the electrode types, there was a significant difference (P< 0.05):
less adverse events reported in the MHC dry-electrode. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Adverse events reporting for MHC dry-electrode and sponge-electrode at different stimulation intensities for relationship to tDCS. There was no significant difference
(P> 0.05) in adverse events between conventional sponge-electrode (B1, B2) and MHC dry-electrode (A1, A2), and the stimulation intensities (1.5mAV 2mA).
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statistical significance. The VAS pain score was higher in the
sponge-electrode (Mdn¼ 2) than the MHC dry-electrode
(Mdn¼ 1.5) (Z¼ 5.341, P¼ 1.41e�7), whereas across the stimula-
tion intensities (1.5mA (Mdn¼ 2), 2mA (Mdn¼ 2)), the VAS pain
score was comparable (Z¼ -0.567, P¼ 0.571) (Fig. 7).
Fig. 7. VAS rating at different stimulation intensities (1.5mA and 2mA) for a convent
mulative adverse events and relationship to tDCS data, and the VAS pain score (1e10 scale
sessions. There was no significant different (P< 0.05) in the VAS rating across all four stimu
reader is referred to the Web version of this article.)
4. Discussion

We first defined a dry-electrode as 1) excluding any liquid of
viscous electrolyte (as typical for conventional tDCS and HD-tDCS
electrodes [8]) with the benefit of no accidental spread and no
residue; 2) excluding any adhesive at the skin interface (common in
ional sponge and MHC dry electrode. Participants (20) were color-coded as the cu-
; 1: no pain, 10: unbearable pain) was collected every 2min during each stimulation
lation sessions. (For interpretation of the references to color in this figure legend, the
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TENS but rare for tDCS [4]) either integrated into or around the
electrolyte; and 3) excluding any electrode preparation steps, even
just saturation, except connection to the stimulator (which is an
implicit step for a swapping disposable electrodes). A Multilayer
Hydrogel Composite (MHC) dry-electrode design which satisfied
these basic criteria was developed and then the electrode perfor-
mance was verified in terms of current delivery and tolerability. For
the conditions tested here, the MHC-electrodes performed suffi-
ciently based on the improved VAS and comparable adverse event
reporting, when compared to the conventional sponge-electrodes.

Focused on tDCS technology, we did not test any additional
stimulation waveforms in this study. But tDCS is considered
demanding from an electrode design standpoint [25] - for example,
charge balanced pulses waveforms can be applied with conven-
tional adhesive hydrogel electrodes while tDCS requires specialized
electrodes [4] - so our success with tDCS is encouraging for addi-
tional waveforms. Still, only empirical testing can ultimately vali-
date tolerability for each waveform and electrode design. In
addition, we evaluated performance only below the hair line (SO
positions) whereas tDCS is typically applied with at least one
electrode above the headline (e.g. the commonM1-SOmontage). At
a minimum, the MHC dry-electrodes may already be used below
the hair line (e.g. SO) and a wet electrode above (e.g. M1). Noting
the diffusivity of tDCS, other common montages, such as bifrontal
positions [33] [34], may be emulated by lowering the electrode
below the hairline, without necessarily compromising brain cur-
rent flow [35]. Notwithstanding these questions, our results may
encourage future work on the design and applications of dry-
electrode stimulation.
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