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Abstract: Transcutaneous neuromodulation and noninvasive brain—computer interfaces hold promise for accessible neurorehabilita-
tion and wearable technology, yet their real-world implementation remains constrained by patient tissue heterogeneity and the cost
associated with individualized computational modeling. To establish an accessible, low-cost hardware optimization framework, this
study deployed a physical hydrogel phantom platform to evaluate the effect of interelectrode spacing on electrical transmission under
controlled conductive conditions. An Arduino Nano-based instrumentation architecture delivered controlled 5 V electrical impulses
into agarose-based phantoms across three NaCl concentrations (0.5%, 0.9%, and 2.0%). Four interelectrode distances (1 mm, 2 mm,
3 mm, and 4 mm) were evaluated through 60 randomized trials. Peak-to-peak voltage potential (VP) and coefficient of variation were
evaluated across the experimental conditions. The measured VP decreased with increasing interelectrode spacing, while higher NaCl
concentrations generally produced greater voltage retention. Two-way analysis of variance demonstrated significant main effects of
electrode spacing, F(3,48) = 2394.99, p < 0.001, and NaCl concentration, F(2,48) = 847.62, p < 0.001, as well as a significant spacing
X concentration interaction, F(6,48) = 36.43, p < 0.001. Post hoc Tukey comparisons demonstrated statistically significant differences
among all tested spacing levels under the pooled experimental conditions. These findings demonstrate that electrode spacing materi-
ally influences voltage transmission within the tested hydrogel conditions and that its effect varies with phantom concentration. The
results provide an experimentally accessible basis for preliminary electrode-geometry evaluation prior to more complex computational,
ex vivo, or in vivo validation. Because the experimental platform consists of passive saline-doped agarose, the findings do not directly
establish neural recruitment, vagal selectivity, therapeutic efficacy, or clinical safety.

Keywords: brain—computer interfaces, vagus nerve stimulation (VNS), electrode spacing optimization, wearable neuromodulation,
patient heterogeneity

1. Introduction

With advances in digital healthcare, the nervous system has
moved to the forefront of modern bioelectronic engineering [1].
Over the past several decades, expanding computational power
and advanced signal processing have transitioned neural inter-
faces from highly restricted laboratory configurations into viable
clinical realities [2]. Brain—computer interfaces (BCIs) and non-
invasive neuromodulation systems represent a convergence of
engineering and personalized patient care. The concept of direct
brain—computer communication was articulated by Vidal [3].

Modern neural-interface research spans both signal decod-
ing and neuromodulation [4, 5]. Bidirectional BCIs can combine
cortical recording with intracortical stimulation to provide sen-
sory feedback [6]. Separately, transcutaneous peripheral-nerve
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stimulation research examines how externally applied electrical
stimuli reach neural targets [7].

A critical frontier is transcutaneous vagus nerve stimulation
(tVNS). The vagus nerve contributes to autonomic regulation
and inflammatory signaling; vagal stimulation has also been
investigated for its effects on neural plasticity [4, 8].

Noninvasive auricular vagus nerve stimulation (VNS) has
been investigated for several neurological and psychiatric appli-
cations [4]. Invasive VNS and tVNS have different evidence
bases; investigated indications should not be treated as estab-
lished, approved uses of every noninvasive wearable. Translating
neural-interface prototypes into everyday devices requires reli-
able electrical coupling, appropriate stimulation parameters, and
interfaces compatible with the mechanical properties of biological
tissue [1, 6, 7].

Volume conduction shapes the electrical behavior of nonin-
vasive neural interfaces. Electrical signals measured at the scalp
are shaped by conduction through multiple anatomical compart-
ments, including skin, skull, and cerebrospinal fluid [9]. Biological
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tissues exhibit different, frequency-dependent electrical conduc-
tivities and permittivities [10]. In transcutaneous-stimulation
models, electrode separation and skin properties can influ-
ence superficial current shunting and delivery to deeper targets
[7]. Sample-specific peripheral-nerve models provide a comple-
mentary framework for examining how anatomy and electrode
geometry affect stimulation [11]. Electrode position and tissue
anatomy influence the distribution of the electric field during
cervical stimulation [12]. Stimulation site, intensity, waveform,
and individual responses must also be considered when evaluat-
ing tolerability [5]. These dependencies require evaluation within
the particular stimulation architecture; a single spacing rule does
not establish neural recruitment or tolerability across all wearable
designs.

Patient heterogeneity is an additional design consideration.
Patient-specific anatomical modeling can be used to estimate
electric-field distributions in noninvasive stimulation; SimNIBS,
for example, provides an MRI-based pipeline for transcranial
applications [13]. For tVNS, reporting standards emphasize
stimulation location, electrode characteristics, waveform, and
intensity rather than a universal geometry alone [5]. Conformal
electrode materials and stable skin contact are additional consid-
erations for wearable interfaces [14]. Standardization may simplify
device design, but a fixed electrode spacing should not be assumed
to absorb all patient heterogeneity. In this study, low cost is a
design aim of the experimental platform, while electrode spacing
is evaluated under controlled conductive conditions. The physical-
phantom approach is intended as a preliminary experimental
complement to anatomical modeling rather than a replacement
for patient-specific or physiological validation.

To build a readily applicable preliminary framework, this
study uses a low-cost bioinstrumentation architecture to test the
effect of interelectrode distance on voltage transmission. Signal
generation through an Arduino Nano is combined with physi-
cal hydrogel phantoms. Controlled variation in phantom NaCl
concentration permits experimental comparison across different
conductive conditions.

These simplified phantom conditions permit comparison of
electrode geometries in a laboratory-controlled environment. The
measured electrical response provides preliminary engineering evi-
dence; it does not directly characterize the dielectric properties of
patient tissue or establish high-focality neural recruitment.

2. Literature Review

The academic landscape surrounding neural engineering
reflects the relationship between therapeutic potential and prac-
tical deployment. As wearable bioelectronics move toward
practical applications, their interfaces must accommodate individ-
ual anatomy and minimize motion-related measurement artifacts
[15]. This literature review examines neurorehabilitation, the
effects of anatomy and electrical properties on neural-interface
performance, and electrode-geometry design. It distinguishes evi-
dence from clinical investigations, computational models, and
preliminary physical-phantom experiments.

2.1. Applications in neurorehabilitation and
neuromodulation

Neurorehabilitation is a major motivation for BCI develop-
ment, including technologies intended to restore communication
and motor function [2]. Complementary stimulation studies
characterize cervical electric-field distributions [12], selective
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implanted vagus nerve cuffs [16], and variation in neural activa-
tion across individual nerves and species [17]. Peripheral-electrode
geometry has also been investigated through comparisons of flat
and circumferential contacts in animal nerve-stimulation experi-
ments [18]. Biophysical models can compare delivery to intended
neural targets with recruitment of off-target fibers [7].

The vagus nerve is a target of neuromodulation research
in epilepsy, depression, and other conditions, although trans-
lation of transcutaneous approaches requires further evidence
and careful parameter selection [19]. Aristovich et al. [16] opti-
mized a multielectrode cuff and validated selective responses in
sheep; this was implanted peripheral-nerve stimulation rather than
noninvasive surface stimulation. Kreisberg et al. [20] modeled
auricular current flow and showed that electrode montage affects
predicted sensitivity and selectivity. Electrical-field modeling sup-
ports device design, but a measured voltage potential (VP) alone
does not establish neural recruitment, therapeutic efficacy, or reg-
ulatory compliance. The present experiment therefore evaluates
voltage transmission as a preliminary electrical response rather
than as a direct clinical or neural endpoint.

Recent clinical investigations further demonstrate that tVNS
outcomes depend on stimulation location and electrical parame-
ters. Jigo et al. [21] reported in a randomized controlled crossover
pilot study that transcutaneous cervical VNS produced measur-
able changes in sensory performance and autonomic measures
in humans. Wang et al. [22] found that transcutaneous auricular
VNS combined with task-oriented training improved upper-
extremity function and activities of daily living in patients with
subacute stroke. Ng et al. [23] demonstrated that changes in stim-
ulation frequency and anatomical stimulation location could alter
cough sensitivity during auricular stimulation, illustrating that
stimulation parameters may influence both therapeutic and unin-
tended physiological responses. More recently, Bottari et al. [24]
evaluated multiple combinations of tVNS frequency, pulse width,
and stimulation intensity and identified parameter-dependent
effects on sleep and autonomic outcomes in veterans with post-
traumatic stress disorder. Collectively, these studies reinforce the
importance of systematic optimization of stimulation parame-
ters and electrode configuration while demonstrating that clinical
outcomes cannot be inferred from a single hardware variable
alone.

2.2. Major bottlenecks: volume conduction,
heterogeneity, and cost

Noninvasive cervical stimulation requires current to traverse
tissue between the skin and the vagus nerve. Mourdoukoutas
et al. [12] used an MRI-derived model to examine how anatomy
and electrode positioning influence the resulting electric field.
Modeling of transcutaneous coupling also shows that skin prop-
erties and electrode separation can influence current delivery, with
effects depending on the stimulation system and control mode [7].
These models support evaluation of the electrical field within a
defined anatomy and stimulation configuration rather than a uni-
versal assumption about the spatial focus of all scalp and cervical
interfaces.

Anatomical variability extends to the nerve itself. Musselman
et al. [17] demonstrated that individual-specific nerve models can
reproduce differences in activation thresholds across humans and
preclinical species. Their work concerns cuff-based stimulation.
Its findings support consideration of nerve morphology but do
not demonstrate that a fixed wearable geometry necessarily causes
complete signal failure or thermal discomfort.
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Computational tools offer complementary approaches for
examining anatomical variability. Schrader et al. [9] presented
a finite-element toolbox for electroencephalography (EEG) and
magnetoencephalography (MEG) forward modeling using realis-
tic head geometries. Separately, Musselman et al. [17] validated
nerve-stimulation models across rats, pigs, and humans and
demonstrated the importance of individual nerve morphology.
These studies illustrate different modeling applications; neither
establishes that individualized models are mandatory for safe
operation of every device.

Clinical translation requires attention to functional utility and
neural-interface design [2, 25]. Anatomically detailed simulations
require geometry preparation, material parameters, and numerical
analysis. Wearable-electrode design additionally requires suitable
conductivity, adhesion, flexibility, and skin compatibility [14]. The
present study therefore evaluates an accessible physical-phantom
approach as a preliminary experimental tool.

2.3. Hardware optimization using the electrode
spacing variable

Tissue electrical properties, electrode geometry, and mon-
tage influence modeled electrical responses [10, 11, 20]. Changing
geometry can alter current distribution, but improved selectivity
is not guaranteed by spacing alone. Electrode spacing is therefore
a design variable that should be evaluated in the context of the
electrical properties, anatomical target, and stimulation architec-
ture. The present experiment tests this variable under controlled
phantom conditions without claiming that the resulting voltage
measurements establish current focusing.

Bucksot et al. [18] examined electrode coverage, contact
spacing, cuff geometry, and fiber recruitment using models and
animal nerve-stimulation experiments. Flat contacts provided
recruitment comparable to circumferential contacts under the
tested conditions; the study did not establish a universally supe-
rior surface electrode geometry. For skin-mounted wearables,
mechanical conformity and stable adhesion are important for
maintaining reliable electrode contact [14]. These considerations
motivate controlled geometry testing while retaining the need for
material and mechanical evaluation.

2.4. The research gap

Existing work shows that tissue electrical properties and
electrode geometry influence the electrical behavior of neu-
ral interfaces [10, 18, 20, 25]. Bucksot et al. [18] compared
flat and circumferential contacts using computational models
and animal peripheral-nerve experiments. Kreisberg et al. [20]
developed a high-resolution auricular volume-conduction model,
while Grill & Pelot [25] reviewed computational approaches
to autonomic-nerve stimulation and design optimization. These
studies address different stimulation architectures and primarily
emphasize computational modeling, theoretical characterization,
or application-specific optimization.

The present study addresses a narrower experimental ques-
tion by using a low-cost physical hydrogel phantom platform
to experimentally examine interelectrode spacing under multiple
controlled NaCl concentrations. Rather than relying exclusively
on individualized computational models, the study evaluates the
measurable electrical response of four fixed electrode spacings
across three controlled conductive conditions using an accessible
hardware configuration. This provides a practical experimental
framework for examining how electrode spacing and conductive

conditions jointly influence voltage transmission before more
complex computational or physiological validation.

Accordingly, the novelty of the present work lies not in
establishing electrode spacing as a previously unknown design
variable but in experimentally evaluating a low-cost spacing-
controlled hardware configuration across multiple controlled
conductive phantom conditions. The results are intended to
provide preliminary empirical evidence that can complement
existing computational and clinical approaches to wearable tVNS
hardware design.

3. Research Methodology

For examining geometric arrays for noninvasive neural
interfacing, a controlled experimental approach was employed.
The approach focuses on measuring how interelectrode spacing
and controlled NaCl concentration influence voltage trans-
mission through a simplified conductive hydrogel phantom.
The design combines a controlled environment, randomized
trials, and repeated measurements to compare the tested
spacing—concentration conditions. It does not directly analyze
multilayered capacitive patient tissues or neural activation.

3.1. Bioinstrumentation and hardware architecture

The signal generation and acquisition infrastructure were
engineered using low-cost, laboratory-grade hardware compo-
nents to demonstrate accessible prototyping scalability. The core
control system comprised an Arduino Nano microcontroller
powered by an ATmega328P processor. Programming of the
microcontroller was done using a bespoke embedded C++ pro-
gramming code that helped control the timing and execution of
electrical impulses. A 5.0 V square-wave pulse was generated from
the Arduino Nano as the experimental input waveform.

A network of 10 kOhm resistors was placed in series with
the transmission lines to limit current. The connections were
made through shielded insulated copper wires terminated by low-
resistance alligator clips. This network was part of the experimental
configuration, rather than a validated clinical stimulation circuit.

The configuration of the system, hardware boundaries,
and signal delivery process for this bioinstrumentation array
are illustrated in Figure 1. Using this array, VP waveforms at
the designated subsurface measurement location in the hydrogel
phantoms were captured and digitized in real time.

3.2. Fabrication of the hydrogel tissue phantom
matrix

To evaluate electrical transmission without in vivo human
testing, a simplified hydrogel phantom infrastructure was devel-
oped. Agar-based phantoms can provide controllable media for
preliminary electrical testing, and their impedance can be adjusted

Figure 1
Schematic operational workflow mapping the bioinstrumentation
transmission pipeline, physical hydrogel interface nodes, and data
acquisition processing stream
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by changing ionic content [26]. The present agarose-based
matrices were prepared by dissolving the gelling powder in a boil-
ing distilled-water base. NaCl concentration was varied across
three formulations to provide controlled conductive conditions
[26]. The formulations contained 0.5%, 0.9%, and 2.0% NaCl. The
0.5% formulation represented a comparatively higher-impedance
condition, the 0.9% formulation served as the baseline isotonic
reference condition, and the 2.0% formulation represented a
comparatively lower-impedance condition. In this study, NaCl
concentration was the controlled experimental variable represent-
ing differences in the conductive environment. Direct conductivity
measurements of the completed formulations were not recorded;
the concentrations therefore represent controlled conductive con-
ditions rather than measured bulk conductivity values. The
phantom recipe was not independently validated as reproducing
the dielectric properties of skin and subcutaneous tissue. The lig-
uefied mixtures were cast into uniform, chemically neutral plastic
molds and cooled to ambient room temperature (21°C) to form
structurally stable, repeatable hydrogel blocks measuring 10 cm X
10 cm X 5 cm.

3.3. Electrode spacing layout, material setup, and
fabrication

Custom surface electrode arrays were manually manufac-
tured using high-purity, conductive copper foil tape. Copper foil
was selected as the experimental material. Each discrete electrode
pad was cut to uniform dimensions (5 mm X 10 mm) to keep the
contact surface area constant across all evaluations. The mate-
rial selection was used for this phantom experiment and was not
evaluated as a clinically suitable skin electrode.

The independent physical variable under investigation was
the interelectrode spacing, defined as the edge-to-edge physical
distance separating the active stimulation pad from the return
pad. Four spatial configurations were established for the spacing
variable: 1 mm, 2 mm, 3 mm, and 4 mm. The complete material
setup can be seen in Figure 2.

The copper electrode pads were maintained flush against the
hydrogel surface during testing, with the electrode dimensions
held constant across all spacing configurations. However, contact
pressure was not independently quantified during the experimen-
tal procedure. Similarly, the precise three-dimensional coordinates
and insertion depth of the sensing probes were not numerically
recorded. These parameters were therefore held procedurally con-
sistent rather than independently quantified and are recognized
as reproducibility limitations of the present setup. All materials
used in the study can be found in Table 1 alongside their technical
purpose and quantity.

3.4. Materials breakdown

Figure 2
Empirical experimental setup for multi-metric volume conduction
characterization. (a) Formulated agarose-based hydrogel
phantom matrices in three different ionic concentrations (0.5%,
0.9%, and 2.0% NaCl) to represent controlled conductive
conditions. (b) Precision fabrication stage of the custom modular
copper foil electrode array, demonstrating the targeted 2 mm
interelectrode layout geometry. (c) Core microcontroller-driven
low-cost instrumentation architecture (Arduino Nano) deployed
for regulated electrical signal delivery. (d) High-impedance
sensing probes coupled to the high-resolution digital oscilloscope
interface for real-time localized voltage potential (VP) waveform
acquisition

3.5. Experimental data collection protocol

Data collection was executed systematically over an extended
testing window to eliminate environmental drift and procedu-
ral artifacts. The execution protocol followed a strict two-phase
operational pipeline.

Phase 1 focused on assignment and randomization. To min-
imize the impact of confounding variables (such as temporal gel
degradation or thermal fluctuations), the sequence pairing the
four electrode spacings with the three hydrogel phantom formu-
lations was fully randomized using a digital random number
generator. Each unique permutation (4 spacings X 3 concen-
trations = 12 configurations) was subjected to five distinct
replications, culminating in a total dataset of 60 experimental
trials.

In Phase 2, the main focus was on the signal acquisition cycle.
For each trial, the copper electrode array was positioned flush

Table 1
Materials and structural assignments for hydrogel phantom fabrication and bioinstrumentation testing

Material Quantity Technical purpose in study
Arduino Nano Microcontroller 1 Generates controlled, regulated 5 V DC electrical stimulation square
waves.
FNIRSI DSO152 Digital 1 Primary signal acquisition tool; measures real-time raw voltage potential.
Oscilloscope

10k Ohm Precision Resistors
Digital Sensing Probes (10:1)

Stabilizes microcurrent delivery and prevents transient signal fluctuations.

Positions measurement nodes accurately inside the target phantom
regions.
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Table 1
(Continued)
Material Quantity Technical purpose in study
Shielded Alligator Clip Cables 10 Establishes low-impedance electrical connections between hardware

Laboratory-Grade Agar Powder 1 container

blocks.
Solidifying structural agent; forms the multilayered phantom matrix.

Conductive dopant; calibrates phantom relative permittivity and
conductivity.

Chemically neutral solvent base for uniform hydrogel crystallization.

Retains gel boundaries to ensure structural consistency across trials.

Sodium Chloride (NaCl) 1 container
Distilled Water 1 gallon
Plastic Component Molds 3
Conductive Copper Foil Tape 1 roll
Borosilicate Glass Beakers 3
Digital Precision Measuring Scale 1

Used to fabricate low-profile, high-surface electrode pads.
Provides chemically inert containers for thermal solution mixing.

Micro-mass verification of solute parameters (£0.01 g resolution).

against the surface of the selected hydrogel block. The Arduino
Nano executed its script, delivering the 5 V pulse train through
the current-limiting network into the phantom. The digital oscillo-
scope sensing probe was placed at the designated subsurface target
area to capture the transmitted electrical response. The peak-to-
peak VP was recorded and logged directly into a secure digital
spreadsheet.

The experimental procedure maintained the same designated
measurement region across trials to promote procedural consis-
tency. However, the protocol did not record a numerical probe
depth, three-dimensional coordinate system, or independently
quantified electrode contact pressure. Accordingly, these variables
were not modeled as independent experimental factors.

The copper contact pads were cleaned with 99% isopropyl
alcohol between trial sequences. Temperature and humidity were
not independently controlled as experimental variables during the
testing window. The cleaning procedure was not independently
validated as preventing polarization, ionic accumulation, or salt
crusting.

3.6. Quantitative data analysis and mathematical
metrics

Following data logging, the raw VP data were analyzed using
descriptive statistics and inferential statistical testing.

Peak-to-peak VP was used as the primary measured electrical
response. Mean VP was calculated for each spacing—concentration
condition using the five experimental trials.

The coefficient of variation (CV) was calculated as the sample
standard deviation divided by the sample mean and expressed as
a percentage:

CV = (oVuV) 100 (1)

where gV represents the sample standard deviation of the repeated
VP measurements and pV represents their arithmetic mean. CV
was used as a descriptive measure of trial-to-trial variability.

The original analysis additionally reported current focusing
efficiency (CFE) and field uniformity (FU). However, the experi-
mental protocol as documented did not independently record the
total source potential required to reproduce CFE, nor did it doc-
ument a spatially resolved set of field measurements sufficient to
independently reproduce the spatial variance term used in FU.
Because reproducibility of derived metrics is essential, these quan-
tities are not used as independently validated statistical endpoints
in the revised analysis.

To determine whether electrode spacing and phantom con-
centration significantly affected VP, a two-way analysis of
variance (ANOVA) was performed with electrode spacing and
NaCl concentration as fixed factors. The significance threshold
was set at a = 0.01. Because the design contained four spacing lev-
els, Tukey’s honestly significant difference (HSD) procedure was
subsequently used for pairwise comparisons among spacing levels.

4. Results

4.1. Quantitative characterization of volume
conduction dynamics

The experimental evaluation of the low-cost bioinstrumen-
tation interface yielded a dataset comprising 60 discrete trial
sequences. The primary empirical parameter measured during
real-time hardware execution was the peak-to-peak VP, quanti-
fied in Volts (V') using the digital oscilloscope. The VP dataset
served as the primary input for descriptive and inferential sta-
tistical analysis. The experimental conditions demonstrated a
measurable trade-off between interelectrode spacing and trans-
mitted voltage, while the different NaCl concentrations produced
distinguishable conductive conditions.

An aggregate screening of the experimental dataset revealed
a consistent decrease in measured subsurface VP as interelectrode
spacing increased. The magnitude of this decline varied across the
three NaCl concentrations, indicating that the effect of spacing
was dependent on the conductive condition of the phantom.

4.2. Spatial distribution of raw voltage potentials

The complete distribution of raw VPs captured across all 60
trials is systematically cataloged in Table 2. The data demonstrate
a consistent reduction in measured subsurface VP as electrode
spacing increased within each phantom concentration. At 0.5%
NaCl, mean VP decreased from approximately 4.098 V at 1 mm
spacing to 2.155 V at 4 mm spacing. At 0.9% NaCl, mean VP
decreased from approximately 4.386 V to 2.653 V, while at 2.0%
NaCl, mean VP decreased from approximately 4.520 V to 3.251 V.
These observations demonstrate that both electrode spacing and
phantom concentration influence the measured voltage response.

By comparison, the 0.9% NaCl baseline control phantoms
demonstrated an enhanced capacity for signal conduction across
all geometric intervals. At the 1 mm layout, captured potentials
remained tightly bound around a 4.3 V baseline, recording 4.352 V
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Table 2
Raw voltage potential matrix (» = 60) maintained across discrete
interelectrode spacings and physiological tissue phantoms

Spacing R1 R2 R3 R4 RS
(mm) ) (V) ) (V) )
1 (0.5%) 4.121 4.084 4.157 4.021 4.110
2 (0.5%) 3.452 3.522 3.390 3.410 3.488
3 (0.5%) 2.821 2.785 2.880 2.857 2.760
4 (0.5%) 2.153 2.221 2.095 2.188 2.120
1 (0.9%) 4.352 4.419 4.381 4.296 4.321
2 (0.9%) 3.885 3.921 3.857 3.810 3.958
3(0.9%) 3.120 3.185 3.051 3.160 3.083
4 (0.9%) 2.651 2.585 2.717 2.623 2.690
1 (2.0%) 4.551 4.483 4.520 4.588 4.457
2 (2.0%) 4.103 4.051 4.160 4.125 4.087
3 (2.0%) 3.651 3.585 3.623 3.558 3.690
4 (2.0%) 3.253 3.311 3.185 3.227 3.280

in Trial 21 and 4.381 V in Trial 23. Crucially, even when the array
was expanded to a wider 3 mm spacing, the 0.9% control medium
sustained an operating potential above the critical 3.0 V threshold,
with Trial 32 logging 3.184 V and Trial 34 reaching 3.159 V. The
highly doped 2.0% NaCl phantoms yielded the highest absolute
voltage magnitudes recorded in this study. At the I mm spatial
configuration, peak voltages were established by Trial 41 (4.551 V)
and Trial 44 (4.587 V).

At the widest 4 mm boundary layout, the 2.0% NaCl phan-
tom retained a greater measured voltage amplitude than the
lower-concentration formulations. Trial 57 (3.311 V) and Trial 60
(3.280 V) exceeded the narrower 3 mm configurations in the 0.5%
group, as shown in Figure 3. Higher NaCl concentration therefore
reduced the magnitude of voltage attenuation observed at wider
electrode spacings under the tested conditions.

4.3. Derived performance metrics and array
optimization matrix

The experimental results demonstrate a clear relationship
between interelectrode spacing and measured VP. Across all three

Figure 3
Signal decay function: empirical evaluation of raw subsurface
voltage potential (VP) attenuation as a linear function of
expanding interelectrode spacing layouts across high-impedance,
baseline, and low-impedance tissue matrices
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NaCl concentrations, the 1 mm configuration produced the high-
est mean VP, while the 4 mm configuration produced the lowest
mean VP. This pattern indicates that reduced electrode separation
was associated with greater measured voltage transmission at the
designated subsurface measurement location, as seen in Table 3.

Table 3
Mean voltage potential and coefficient of
variation across the experimental
spacing—concentration conditions

Configuration Mean VP (V) CV (%)
1 mm/0.5% 4.098 1.23
2mm/0.5% 3.452 1.57
3mm/0.5% 2.820 1.76
4mm / 0.5% 2.155 2.36
1 mm/0.9% 4.386 1.61
2 mm/0.9% 3.905 2.34
3 mm/0.9% 3.120 1.74
4mm / 0.9% 2.653 1.97
1 mm/2.0% 4.520 1.16
2mm/2.0% 4.105 0.99
3 mm/2.0% 3.621 1.45
4 mm/2.0% 3.251 1.50

The original analysis also used CFE and FU as composite
optimization metrics. Because the written experimental protocol
does not provide sufficient measurement detail to independently
reproduce the source-normalized CFE calculation or the spatial
FU calculation, those values are not treated as independently
validated quantitative endpoints in the revised analysis.

Accordingly, the revised interpretation does not identify
2 mm as a universally optimal geometry based solely on those
derived metrics. Instead, the experimental results establish that
electrode spacing produces a strong and measurable effect on volt-
age transmission and that the magnitude of this effect depends on
the phantom concentration.

4.4. Verification of systemic stability and statistical
significance

The CV values remained relatively low across the individual
spacing-concentration conditions, ranging from approximately
0.99% to 2.36%, indicating limited trial-to-trial dispersion within
the tested conditions. Because the study did not establish a vali-
dated external “publication-grade” CV threshold, CV values are
reported descriptively rather than used as a formal acceptance
criterion.

To evaluate the effects of electrode spacing and phantom
concentration on measured VP, the complete dataset of 60 exper-
imental observations was analyzed using a two-way ANOVA.
Electrode spacing produced a statistically significant main effect
on VP, F(3,48) = 2394.99, p < 0.001. NaCl concentration also
produced a statistically significant main effect, F(2,48) = 847.62,
p < 0.001. Importantly, the interaction between electrode spacing
and NaCl concentration was also statistically significant, F(6, 48)
= 36.43, p < 0.001.

The significant spacing X concentration interaction indi-
cates that the magnitude of the spacing effect depended on the
conductive condition of the phantom. Therefore, the results sup-
port an interaction between electrode geometry and conductive
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environment rather than demonstrating that one fixed electrode
spacing completely eliminates conductive heterogeneity. The com-
plete two-way ANOVA results are presented in Table 4. The
CV values across the 12 experimental conditions are shown in
Figure 4.

Because electrode spacing contained four levels and produced
a significant main effect, Tukey’s HSD procedure was used for
pairwise comparison of the spacing levels. All six pooled spac-
ing comparisons were statistically significant at the a = 0.01
level: 1 mm versus 2 mm (p = 0.0006), 1 mm versus 3 mm
(» <0.001), 1 mm versus 4 mm (p < 0.001), 2 mm versus 3 mm
(p < 0.001), 2 mm versus 4 mm (p < 0.001), and 3 mm versus
4 mm (p = 0.0009). These results confirm that the tested spacing
levels produced distinguishable mean VP values under the pooled
experimental conditions. Because the spacing X concentration
interaction was significant, these pooled comparisons should not
be interpreted as establishing a universally superior spacing across
all conductive environments. The distribution of the 60 recorded
VP measurements across the four electrode spacings is shown in
Figure 5.

5. Discussion

The empirical results obtained from this hydrogel phantom
study provide insights into the effects of interelectrode spac-
ing and conductive conditions on measured VP and offer a

Table 4
Two-way ANOVA of voltage potential
Source df SS MS F P
Electrode 3 23.388  7.796 2394.990 <0.001
spacing
NaCl 2 5.518 2.759 847.620 <0.001
concen-
tration
Spacing x 6 0.711 0.119 36.430 <0.001
concen-
tration
48 0.156 0.003 — —
59 29/773 — — —
Figure 4

Coefficient of variation (CV %) across the experimental
spacing—concentration conditions, representing trial-to-trial
variability in recorded voltage potential
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Figure 5
Voltage distribution scatter: comprehensive mapping of all
60 independent data points across the four spatial layout zones,
showcasing structural repeatability and tight group clustering
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practical, low-cost framework for preliminary evaluation of non-
invasive neural-interface hardware. The findings demonstrate that
electrode spacing materially affects voltage transmission and that
the magnitude of this effect varies with phantom concentration.
These results provide an experimentally accessible basis for evalu-
ating electrode geometry before more complex computational or
physiological validation.

5.1. The physics of spacing: voltage transmission and
conductive conditions

The foundational trend identified in this study is the decrease
in measured subsurface VP as interelectrode spacing increased.
Across all three phantom concentrations, the 1 mm configuration
produced the highest mean VP, whereas the 4 mm configuration
produced the lowest. This result demonstrates that electrode spac-
ing materially influences voltage transmission through the tested
hydrogel medium.

The magnitude of voltage attenuation with increasing spac-
ing was not identical across the three phantom concentrations.
The significant spacing X concentration interaction observed in
the two-way ANOVA indicates that conductive conditions influ-
ence the relationship between electrode spacing and measured
voltage. Thus, the present findings support the interpretation that
electrode geometry and conductive environment jointly influence
electrical transmission.

These observations are relevant to preliminary wearable-
interface engineering because electrode geometry can affect how
an applied electrical stimulus propagates through a conductive
medium. However, the passive hydrogel phantom used here does
not contain neural tissue, axons, cell membranes, or other bio-
logical structures required to directly evaluate neural activation.
Consequently, the present experiment should be interpreted as an
electrical volume-conduction characterization rather than a direct
measurement of neural recruitment or tissue selectivity.

5.2. Translational relevance to wearable tVNS

The experimental findings have relevance to preliminary
engineering of wearable tVNS interfaces because electrode geom-
etry is one component of a broader set of stimulation parameters
that determine electrical delivery. Recent clinical investigations
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demonstrate that stimulation frequency, pulse width, inten-
sity, and anatomical placement can influence physiological and
therapeutic outcomes [21-24]. These findings emphasize that
hardware geometry should be evaluated together with stimulation
parameters rather than in isolation.

Commercial tVNS systems provide application-specific posi-
tioning instructions. For example, the gammaCore Sapphire SLC
instructions describe positioning the stimulation surfaces relative
to anatomical landmarks of the neck, including the pulse, neck
muscle, lower jaw, and windpipe [27]. These instructions do not
establish that the device lacks a fixed electrode spacing; placement
and geometry are distinct design considerations.

This comparison places the present spacing experiment
within the broader engineering problem of electrode-interface
design. The 1-4 mm configurations evaluated here should there-
fore be interpreted as controlled experimental geometries rather
than as directly transferable clinical prescriptions. Translation
to a wearable tVNS device would require anatomical model-
ing, clinically relevant electrode materials, controlled mechanical
loading, stimulation-parameter optimization, and physiological
validation.

5.3. Patient heterogeneity and the cost barrier

Differences in tissue thickness, hydration, and electrical
properties complicate fixed-geometry neural-interface design.
Computational approaches can represent anatomical and electri-
cal variability, but require suitable geometries, tissue parameters,
and numerical processing [7, 9, 11-13]. These requirements
concern modeling workflow rather than a quantified financial
cost.

The present hydrogel framework provides a low-cost exper-
imental method for examining how electrode spacing behaves
under controlled changes in conductive conditions. The statisti-
cally significant spacing X concentration interaction demonstrates
that the response to electrode spacing is influenced by the con-
ductive environment. Therefore, the present results should not
be interpreted as demonstrating that a fixed spacing completely
absorbs or eliminates patient heterogeneity.

Instead, the primary engineering contribution of the present
experiment is the demonstration that a simple physical-phantom
platform can be used to experimentally characterize electrode
spacing effects before more expensive computational or physio-
logical validation. This provides a practical preliminary screening
approach for wearable electrode geometries.

5.4. Limitations and future research horizons

Several limitations should be considered when interpreting
these findings. First, the agarose-based hydrogel phantom is a
static and simplified conductive model and does not reproduce
the full anatomical complexity of living human tissue, including
multilayered structures, anisotropy, blood flow, dynamic hydra-
tion, and heterogeneous muscle and connective-tissue properties.
The experiment therefore characterizes electrical transmission in
a controlled conductive medium rather than neural recruitment
or therapeutic efficacy.

Second, the three NaCl concentrations were used as con-
trolled conductive conditions, but the bulk conductivity of the
completed hydrogel formulations was not directly measured.
Future experiments should directly characterize conductivity
for each formulation to enable quantitative comparison with
biological tissue properties.
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Third, electrode contact pressure, precise three-dimensional
sensing-probe coordinates, and numerical probe depth were
not independently quantified in the current protocol. These
parameters can affect electrode—phantom coupling and volt-
age measurements and should be mechanically controlled and
explicitly recorded in future experiments.

Fourth, five repeated trials were collected for each of the
12 spacing—concentration combinations. The resulting 60 obser-
vations provide repeated experimental measurements within the
tested system, but the study was not preceded by a prospec-
tive power analysis. Future work should use prospective power
calculations and increased independent replication to evaluate
the robustness of spacing effects and spacing X concentration
interactions.

Fifth, prolonged electrical stimulation in an ionic hydrogel
may alter local ion distributions through ionic migration and
electrochemical processes. Such changes could modify local con-
ductive behavior during extended testing and may contribute to
temporal drift. Future experiments should monitor conductivity
and electrical response over time to determine whether such effects
influence repeated measurements.

Sixth, temperature and humidity were not independently
controlled as experimental variables during data collection.
Because hydrogel hydration and electrical properties can vary
with environmental conditions, future experiments should
continuously monitor and control temperature and humidity.

Seventh, the original analysis included CFE and FU metrics;
however, the written experimental protocol did not provide suffi-
cient information to independently reproduce the source-voltage
measurement or spatial field distribution required for those cal-
culations. The revised analysis therefore places primary emphasis
on the directly documented VP measurements and associated
variability.

Finally, the current experiment does not contain neural
tissue and therefore cannot establish vagal selectivity, neu-
ral recruitment thresholds, avoidance of adjacent motor fibers
or nociceptors, therapeutic efficacy, or clinical safety. Future
work should incorporate spatially resolved electrical-field mea-
surements, directly measured phantom conductivity, controlled
electrode pressure, anatomically representative multilayer phan-
toms, flexible electrode architectures, and ultimately physiological
validation.

6. Conclusion

This study established a low-cost experimental framework
for evaluating the influence of interelectrode spacing on electri-
cal transmission through agarose-based hydrogel phantoms under
controlled conductive conditions. Using an Arduino Nano-based
bioinstrumentation platform, four electrode spacings were evalu-
ated across three NaCl concentrations through 60 experimental
trials.

The results demonstrated that measured subsurface VP
decreased as interelectrode spacing increased, while higher NaCl
concentrations generally produced greater voltage retention. Two-
way ANOVA confirmed statistically significant effects of electrode
spacing and phantom concentration, as well as a significant
spacing X concentration interaction. Post hoc Tukey analysis fur-
ther demonstrated statistically distinguishable mean VP values
among the tested spacing levels under the pooled experimental
conditions.

These findings indicate that electrode spacing and conductive
environment jointly influence electrical transmission through the
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tested phantom system. The study therefore provides an accessible
experimental framework for preliminary evaluation of electrode
geometry prior to more complex computational, ex vivo, or in
vivo testing.

Because the experimental platform is a passive hydrogel
model, the present findings do not establish neural recruitment,
vagal selectivity, therapeutic efficacy, or clinical safety. Future
work incorporating spatial field mapping, direct conductivity
measurements, controlled mechanical loading, anatomically rep-
resentative tissue models, and physiological validation will be
required to determine whether the observed electrical trends
translate to clinically relevant tVNS applications.
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