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ABSTRACT

liro Herkepeus: Modelling electrically active cells on MEA
Bachelor’s thesis

Tampere University

Biotechnology and biomedical engineering

May 2025

This bachelor's thesis investigates microelectrode arrays (MEAs), with a particular focus on
how externally generated electrical test signals couple into such measurement systems. MEA
devices are commonly used in biological research, for example, to measure the electrical activity
of neurons or cardiac cells. The aim of this work was to analyse how the position and orientation
of an electrical source, as well as the grounding configuration of the MEA, affect the magnitude
of the measured voltage. These factors have not been extensively studied using simulation-based
approaches in prior research.

The first part of the thesis consists of a literature review, which examines the computational
modelling of electrically active cells, reference current and voltage values reported in previous
simulation studies, the COMSOL Multiphysics simulation software, and the model employed in
this study. The review also outlines typical modelling approaches and challenges relevant to sim-
ulating bioelectric environments in measurement systems such as microelectrode arrays. The
review showed that COMSOL has been successfully used in modelling individual cells and axons,
and that reported current and voltage values vary substantially across studies, depending on the
biological system and simulation framework. These findings highlighted the absence of standard-
ized practices and motivated a more systematic investigation into how electrode configuration
and source placement affect recorded potentials.

In the experimental part, a three-dimensional model of a microelectrode array was investigated
using COMSOL Multiphysics. The position and orientation of the electrical source were system-
atically varied relative to the MEA, and the resulting voltage was analysed under different ground-
ing configurations. The simulations demonstrated that the voltage amplitude measured at the
electrodes is significantly influenced by the distance and orientation of the signal source. Ground-
ing configurations primarily affect the measured potential when the signal source is located near
a ground electrode, due to local changes in the reference potential.

Based on the results, it can be concluded that the grounding configuration of MEA devices
and the positioning of the electrical source have a substantial effect on the measurement out-
comes. The findings provide practical guidelines for optimizing MEA experiments, particularly re-
garding grounding strategies and source orientation and distance. They also emphasize the im-
portance of accurate reference electrode modelling in computational simulations of bioelectric
environments to ensure reliable and interpretable results.

Keywords: microelectrode array, COMSOL Multiphysics, electrical modelling, grounding,
potential measurement

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.



TIIVISTELMA

liro Herkepeus: Modelling electrically active cells on MEA
Kandidaatin tutkielma

Tampereen yliopisto

Bioteknologia ja bioladketieteen tekniikka

toukokuu 2025

Tassa kandidaatintydssa tutkittiin mikroelektrodimatriisien (MEA, microelectrode array) toimin-
taa ja erityisesti sita, miten ulkoisesti tuotetut sahkdiset testisignaalit kytkeytyvat tallaiseen mit-
tausjarjestelmaan. MEA-laitteita kaytetdan yleisesti biologisissa tutkimuksissa, esimerkiksi her-
mosolujen tai sydansolujen sdhkdisen aktiivisuuden mittaamiseen. Tyon tavoitteena oli mallintaa
ja analysoida, miten sahkodisen lahteen sijainti, orientaatio sekd MEA:n maadoitusratkaisut vai-
kuttavat mitattavan jannitteen suuruuteen. Naita tekijoita ei ole aiemmissa tutkimuksissa tarkas-
teltu kattavasti simulaatiopohjaisella Idhestymistavalla.

Tyon alkuosassa toteutettiin kirjallisuuskatsaus, jossa tarkasteltiin sahkodisten solujen mallin-
tamista tietokoneohjelmistoilla, aiemmissa simulaatiotutkimuksissa raportoituja virta- ja jannitear-
voja, COMSOL Multiphysics -ohjelmistoa seka simulaatiossa kaytettya mallia. Katsauksessa ka-
sitelldadn myds tavanomaisia mallinnuslahestymistapoja ja haasteita, jotka liittyvat bioelektristen
iimididen simuloimiseen mittausjarjestelmissa, kuten mikroelektrodimatriiseissa. Katsauksen pe-
rusteella COMSOLia on hyddynnetty onnistuneesti yksittaisten solujen ja aksonien mallintami-
seen, ja eri tutkimuksissa kaytetyt virta- ja jannitearvot vaihtelevat huomattavasti biologisesta jar-
jestelmasta ja simulaatiomenetelmasta riippuen. Havaitut erot korostavat vakiintuneiden mallin-
nuskaytantojen puutetta ja motivoivat tarkempaa tutkimusta siita, miten elektrodikonfiguraatio ja
lahteen sijainti vaikuttavat mitattuihin jannitteisiin.

Varsinaisessa tutkimusosassa tutkittin COMSOL Multiphysics -ohjelman avulla kolmiulotteista
mallia mikroelektrodimatriisista. Sahkoista Iahdetta siirrettiin eri etaisyyksille ja kulmiin suhteessa
MEA:han, ja lisaksi mitattua jannitettd analysoitiin erilaisilla maadoituskonfiguraatioilla. Simuloin-
nit osoittivat, etta jannitteen suuruus mittauselektrodeilla riippuu merkittavasti signaalilahteen etai-
syydesta ja orientaatiosta. Maadoituskonfiguraatiot vaikuttavat ensisijaisesti mitattuun potentiaa-
liin silloin, kun signaalilahde sijaitsee lahella maadoituselektrodia, johtuen vertailupotentiaalin pai-
kallisista muutoksista.

Tulosten perusteella voidaan todeta, ettda MEA-laitteiden maadoitusratkaisut ja sahkoisen lah-
teen asemointi vaikuttavat olennaisesti mittaustuloksiin. Tyon tulokset tarjoavat kaytannon ohjeita
MEA-kokeiden suunnitteluun ja maadoituskonfiguraatioiden optimointiin, sek& osoittavat, kuinka
tarkasti dipolin sijoittelu tulee hallita luotettavien mittausten saavuttamiseksi. Tulokset korostavat
myos referenssielektrodin huolellisen mallinnuksen tarkeytta laskennallisissa bio-elektrisissa si-
mulaatioissa.

Avainsanat: mikroelektrodimatriisi, COMSOL Multiphysics, sdhkoinen mallinnus, maadoitus,
potentiaalimittaus

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

The accurate modelling of bioelectric phenomena is essential for understanding the be-
haviour of electrically active cells, such as neurons and cardiomyocytes, and for optimiz-
ing electrode configurations in experimental and clinical applications. Microelectrode ar-
rays (MEAs) are widely used in neuroscience, cardiology, and bioengineering to record
extracellular electrical signals, which represent electrical potentials generated by cells
that can be detected outside the cell membrane, enabling researchers to investigate
neuronal activity, cardiac electrophysiology, and drug effects on excitable tissues. Com-
putational modelling provides a crucial tool for simulating these interactions in a con-

trolled environment, reducing the need for extensive biological experimentation.

Among the various computational tools available, COMSOL Multiphysics has become a
widely used platform for simulating bioelectric processes due to its ability to integrate
multiple physical domains, handle complex geometries, and conduct parametric sweeps
to explore a wide range of conditions. Previous studies have employed finite element
methods (FEM) to analyse the spatial distribution of extracellular potentials in MEA sys-
tems. However, the effects of grounding, and the position of the electrical source on the
recorded signals remain insufficiently studied. These factors are particularly relevant in
experimental MEA setups, where small variations in grounding configurations or source

position can introduce significant alterations in signal measurements.

This study investigates how ground electrode size, number, and location influence the
recorded potential in an MEA environment using a COMSOL-based simulation model.
Additionally, the impact of electrical current source orientation and distance on potential
measurements is examined. The research is structured around three main investiga-
tions. First, the study evaluates how shifting the ground electrode from a large central
electrode to a smaller peripheral electrode alters the recorded potential at a target meas-
urement electrode, assessing the influence of different ground reference points and
sizes. Second, the effect of multiple ground electrodes is analysed to determine whether
adding additional ground connections stabilizes or alters the recorded signals. Finally,
the role of electrical source positioning in relation to the measurement electrode is ex-
amined by systematically varying the electrical sources distance and angle, providing

insights into how source alignment influences potential recordings.



The findings from this study will help improve the design and interpretation of MEA-based
experiments by providing a deeper understanding of how grounding strategies and signal
source placement influence recorded potentials. Additionally, the results can guide future
computational and experimental approaches to optimizing MEA configurations for relia-
ble and reproducible signal acquisition.



2. COMPUTATIONAL MODELLING OF BIOELEC-
TRIC PHENOMENA

This literature review focuses on the modelling of electrically active cells, providing a
comprehensive overview of the approaches and technologies utilized in this field. The
primary objective is to explore existing modelling methods and tools used in simulating
electrophysiological phenomena, forming a solid foundation for the subsequent phases
of this work. Special attention is given to the applications of COMSOL Multiphysics, as it

serves as the core tool for the current study.

The review is structured into four main sections. The first section examines different
computational approaches for modelling electrical signals in cells. The second section
focuses on COMSOL Multiphysics approaches to modelling electrical signals reflecting
its central role in this study. The third section presents a table summarizing current and
voltage values from different models and studies, providing a comparative analysis of
key parameters. Finally, the fourth part describes the COMSOL model used in this study,

including its parameters and configurations.

2.1 Overview of Computational Software Approaches for Mod-
elling Electrical Signals in Cells

The modelling of electrically active cells using computational software has become a key
approach in understanding their electrophysiological behaviour. Such models allow re-
searchers to simulate electrical processes in cells through specialized tools like NEU-
TRON, MATLAB, and COMSOL, which provide precise control over parameters such as
ionic currents, membrane potentials, and cellular geometries. By utilizing these software
platforms, researchers can replicate physiological and pathological conditions, enabling
a deeper understanding of cellular electrical activity and its implications. This section
focuses on key computational techniques, the types of cells commonly modelled with
computational tools and the software approaches used to study their electrical signals.

2.1.1 Key Computational Techniques for Bioelectric Modelling
Bioelectric phenomena, such as neural signalling and cardiac excitation, have been ex-
tensively studied through computational modelling. Several numerical methods exist for

simulating these processes, each with its strengths and limitations. The most widely used



approaches include the Hodgkin-Huxley (H-H) model, and finite element method (FEM)-

based models.

The Hodgkin-Huxley model is a fundamental approach that describes ion channel dy-
namics and action potential propagation within individual neurons. This model, originally
developed based on experimental recordings in the squid giant axon, provides a set of
differential equations governing voltage-dependent conductances of sodium and potas-
sium channels. (1) The model has since been extended to include additional ion chan-
nels and applied to various neural and cardiac systems. Computational implementations
of the H-H model in MATLAB and NEURON have enabled detailed analyses of neuronal
excitability (2). However, the H-H model is inherently intracellular, meaning it does not
explicitly model extracellular potentials, which are critical for microelectrode array (MEA)
recordings.

For extracellular field modelling, the finite element method (FEM) is widely used. FEM-
based models divide the simulation domain into discrete elements and numerically solve
the governing differential equations describing electric potential distribution in conductive
biological media. This approach allows for detailed spatial representation of extracellular
potentials, making it well suited for MEA simulations. Studies have demonstrated that
FEM can accurately simulate how extracellular potentials develop in neural tissues and

how they interact with electrode configurations (3).

In FEM, the simulation domain is discretized into a mesh comprising finite elements,
each representing a subregion of the domain. This discretization transforms the contin-
uous differential equations governing electric potential into a system of algebraic equa-
tions that can be solved computationally. Specifically, for modelling extracellular poten-
tials, FEM solves Poisson’s equation (3). By applying appropriate boundary conditions
and assigning conductivity values that reflect the heterogeneous nature of biological tis-
sues, FEM facilitates the computation of potential distributions with high spatial resolu-

tion.

A significant advantage of FEM in bioelectric field modelling is its capacity to incorporate
complex anatomical structures and varying material properties. For instance, in neural
tissue simulations, FEM can model the intricate geometry of neurons and the anisotropic
conductivity of the extracellular matrix. This level of detail is crucial for accurately simu-
lating extracellular potentials and understanding their interactions with electrode config-

urations in applications such as neural stimulation.

COMSOL Multiphysics is a widely used FEM software in bioelectric field modelling, of-

fering a comprehensive environment for simulating electrical activity in biological tissues.



It provides specialized modules for electromagnetics and bioheat transfer, facilitating the
integration of electrical and thermal effects in tissue simulations. Researchers have uti-
lized COMSOL to model various scenarios, including the electric fields generated by
neural stimulation electrodes and the resulting neuronal responses. For example, studies
have employed COMSOL to investigate the effects of electrode geometry on the stimu-
lation of retinal ganglion cells, providing valuable insights for the design of visual pros-
theses (4).

In summary, the Finite Element Method is a powerful tool for modelling extracellular elec-
tric fields in biological tissues. Its ability to accommodate complex geometries, heteroge-
neous material properties, and intricate boundary conditions makes it particularly suited
for simulating bioelectric phenomena. By enabling detailed analysis of extracellular po-
tentials and their interactions with neural structures and electrodes, FEM contributes sig-

nificantly to advancements in biomedical engineering and neuroscience research.

2.1.2 Electrically Active Cells Studied Through Computational
Models

Electrically active cells are defined by their ability to generate and propagate electrical
signals, a process heavily reliant on ionic currents across their membranes. (5) Using
computational tools, researchers have modelled several cell types, including neurons,

cardiac myocytes, and muscle cells, as well as more specialized cell types.

Neurons are the most extensively modelled electrically active cells in computational stud-
ies due to their critical role in transmitting electrical signals within the nervous system.
Software like NEURON has been particularly influential in modelling neuronal activity.
NEURON allows researchers to model detailed biophysical properties, such as action
potential generation, synaptic activity, and dendritic processing, in individual neurons or

entire networks. (6)

Cardiac myocytes have also been widely studied with software tools like MATLAB and
COMSOL Multiphysics. In cardiac tissue, the electrical activity is fundamental to the
rhythmic contraction and relaxation of the heart. By simulating this activity, computation-
ally, researchers can explore phenomena like arrythmias and ischemic changes, which
are otherwise challenging to analyse experimentally. Computational models, such as
monodomain and bidomain models, have been widely used to study these processes.
The computational models are often implemented using finite element methods in for
example a tool like MATLAB. (7) These models enable a detailed understanding of the
electrophysiological behaviour of cardiac cells and tissue, from ion channel dynamics to

whole-heart excitation patterns.



The bidomain model represents electrical activity in cardiac tissue by describing both
intracellular and extracellular potentials as well as ionic currents. It provides a detailed
framework for understanding the spread of electrical signals and their interaction with he
surrounding environment. However, due to its computational intensity, the simplified
monodomain model is often employed, which reduces complexity while maintaining suf-

ficient accuracy for many applications.

Skeletal and smooth muscle cells are also modelled computationally, though less fre-
quently. In MATLAB, models of skeletal muscle cells often simulate excitation-contrac-
tion coupling, where electrical signals trigger calcium release and muscle-contraction.
For instance, computational models have been developed to simulate the excitation
phase in skeletal muscle, focusing on the conversion of action potentials into mechanical
force via muscle fiber shortening. (8)

Smooth muscle cell models, in contrast, are used to study the interplay between mem-
brane potentials and intracellular calcium dynamics, particularly in processes like vaso-
dilation or gastrointestinal motility. For instance, a biophysically constrained computa-
tional model of detrusor smooth muscle (DSM) cells has been developed to investigate
the ionic mechanisms underlying DSM electrical activity. (9) This model, implemented
using computational tools and tested using NEURON, provides insights into the genesis
of action potentials and the propagation of electrical signals along smooth muscle tissue,
contributing to a better understanding of urinary bladder function and dysfunction.

Recent advancements in computational modelling have extended to specialized cell
types such as cochlear hair cells. In cochlear hair cells, tools like NEURON have been
employed to simulate how electrical signals mediate auditory stimulus transduction, em-
phasizing the behaviour of mechanoelectrical transducer channels and calcium dynam-
ics. For example, a study (10) developed an electrophysiological model incorporating
channels and transporters of the lateral wall and hair cells to understand the circulation

current in the cochlea. The study employed MATLAB to model the cochlear hair cells.

2.1.3 Alternative and Emerging Software for Bioelectric Simula-
tions

Computational modelling has become an indispensable tool in understanding the com-
plex behaviours of electrically active cells. While NEURON, MATLAB, and COMSOL are
among the most used platforms, other software tools have also been employed in mod-
elling these cells. Python-based frameworks such as Brian 2 and NEST (NEural Simula-
tion Tool) have gained popularity for large-scale neuronal network simulations due to

their computational efficiency and flexibility in handling large datasets. For instance,



Brian 2 allows scientists to simply and efficiently simulate spiking neural network models,

featuring novel dynamical equations and interactions with the environment. (11)

NEST is specifically designed for parallel processing across multiple CPU cores, making
it well-suited for large-scale neural network simulations that require systematic parame-
ter calibration and high computational resources. A study (12) highlights how NEST effi-
ciently handles large network sizes, with simulation time scaling linearly with biological
model time and the number of synaptic connections. It is particularly useful for conduct-
ing batch processing and network calibration, allowing researchers to explore different

parameter configurations in a structured and scalable manner.

OpenCARP, an open-source cardiac electrophysiology simulator, is specifically de-
signed for multi-scale cardiac modelling, providing an alternative tool to MATLAB and
COMSOL in simulating electrical activity in the heart. (13) These tools offer complemen-
tary advantages: NEURON excels in single-cell and small-scale network modelling;
MATLAB is widely used for computational electrophysiology and ion channel simula-
tions; and COMSOL allows for complex Multiphysics couplings and realistic tissue ge-
ometries. By integrating multiple modelling approaches, researchers can achieve a more

comprehensive understanding of bioelectric phenomena.

2.1.4 Challenges and Future Directions in Computational Cell
Modelling

Despite significant advancements in computational modelling, accurately simulating
electrically active cells presents several challenges. A primary limitation is the high com-
putational cost associated with biophysically detailed models. For instance, bidomain
models in cardiac electrophysiology require substantial processing power, making large-
scale tissue simulations computationally expensive and time consuming. (14) Parameter
estimation also poses a major challenge, as many electrophysiological properties, such
as ion channel conductances, are difficult to measure directly and must often be inferred
from indirect experimental data. (15) This introduces a degree of uncertainty into the
models, potentially affecting their predictive accuracy. Model validation remains a crucial
step in ensuring the reliability of computational studies. Without thorough experimental
validation, there is a risk that simulated results may not accurately reflect physiological
reality. (15) Scalability is another issue, as transitioning from single-cell simulations to
large-scale network models requires advanced parallel computing techniques to manage
the increased complexity. For example, the bidomain model offers a detailed represen-

tation of cardiac tissue, but accurately simulating external stimulation and defibrillation



requires explicitly modelling the separation between intracellular and extracellular

spaces to account for current injections. (16)

Addressing these limitations will require continuous refinement of modelling techniques,
as well as the integration of emerging technologies such as machine learning parameter
optimization (17) and hybrid modelling approaches (18) that combine mechanistic simu-

lations with data-driven analysis.

2.2 Applications of COMSOL in Modelling Bioelectric Phenom-
ena

COMSOL Multiphysics is a powerful computational tool widely used for simulating bioe-
lectric phenomena, particularly in modelling cellular electrophysiology and tissue-level
electrical interactions. Its ability to handle complex geometries, Multiphysics couplings,
and diverse boundary conditions make it suitable for such applications. This section ex-
amines how COMSOL is applied to model the electric signalling of cells, the specific
capabilities that make it suitable for this purpose, and the essential requirements for ac-

curately simulating bioelectrical phenomena.

COMSOL Multiphysics is particularly well-suited for modelling electric signalling in cells
due to its ability in integrating multiple physics phenomena, such as electrostatics, ion
transport, and fluid dynamics, into single simulation. The software allows users to define
custom partial differential equations (PDEs) to describe key electrophysiological pro-
cesses, such as action potential propagation, ion diffusion, and extracellular field inter-

actions. (3)

One of the most common applications of COMSOL in bioelectric modelling is the simu-
lation of neuronal electrophysiology. By coupling Nernst-Planck equation (19), which
governs ion transport, with the Poisson equation, which describes the electric potential,
COMSOL can replicate the propagation of action potentials in neurons. (3) This approach
is particularly useful for investigating how ion channel kinetics, membrane potentials, and

extracellular environments influence neural activity.

One of the key strengths of COMSOL is its ability to handle realistic geometries, such as
irregular cell shapes or tissue structures, which are often critical for accurate bioelectric
modelling. The software supports the import of 3D geometries from CAD files or medical
imaging data, allowing researchers to create highly detailed models of biological systems
(20). Additionally, COMSOL'’s adaptive mesh refinement ensures that simulations remain

computationally efficient while capturing fine details in regions of interest.



To accurately model bioelectric phenomena in COMSOL, several essential requirements
must be met, including the definition of appropriate boundary conditions, geometries,
material parameters, and Multiphysics couplings. These elements are critical for ensur-
ing that the simulations accurately represent the complex behaviour of biological sys-

tems.

Boundary conditions play a critical role in ensuring the accuracy of cellular and tissue-
level electrophysiology models. In COMSOL, commonly used boundary conditions in-
clude Dirichlet (fixed potential), Neumann (zero current), and Robin (mixed-type) condi-
tions. (21) (22) Dirichlet conditions are typically applied to the boundaries between elec-
trodes and the medium, ensuring a constant electric potential. Neumann conditions are
often used at the outer surface of the model to represent zero electric current, while
Robin conditions can be applied to limit electric current, thereby reducing boundary in-
fluence on the domain. These boundary conditions are essential for accurately modelling
extracellular electrical fields, as they allow for precise control over potential gradients,

which is necessary to replicate physiological conditions.

Another crucial aspect of bioelectric modelling with COMSOL is geometry definition, as
the structural accuracy of the model directly influences simulation outcomes. One of
COMSOL'’s key advantages is its ability to handle complex cellular and tissue geome-
tries. The software allows the import of 3D models from medical imaging data (MRI/CT)
or CAD files (20), enabling highly detailed reconstructions of biological structures. The
inclusion of detailed anatomical geometries improves the accuracy of electrical conduc-

tion simulations for example, by accounting for anisotropy in cardiac fibres.

A defining strength of COMSOL is its capability to integrate Multiphysics couplings, which
is essential in bioelectric modelling due to the interdisciplinary nature of electrophysiol-
ogy. Electrophysiological processes involve interactions between electric fields, ion
transport, and biochemical reactions, making it necessary to simulate multiple physical
domains simultaneously. Some of the most relevant Multiphysics couplings are for ex-
ample electrophysiology and fluid flow interactions in models of the blood-brain barrier,

where ionic transport is coupled with spinal fluid dynamics. (23)

By integrating boundary conditions, geometrical accuracy, and Multiphysics couplings,
COMSOL provides a comprehensive framework for simulating bioelectric phenomena at
both the cellular and tissue levels. This level of detail allows researchers to create real-
istic models to enhance our understanding of complex bioelectrical processes and sup-
port the development of medical applications such as neurostimulation and cardiac elec-

trophysiology interventions.
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2.3 Electrophysiological Signal Origin and Electrode Configu-
ration in MEA Recordings

In microelectrode array (MEA) recordings, the fundamental principle involves measuring
the voltage difference between the recording (or measurement) electrode and a ground
electrode. Although this is a differential measurement, it is conventionally interpreted as
reflecting the electrical activity of nearby cells. MEA systems can be configured in various
ways: some utilize a single shared ground electrode, while others employ multiple ground
electrodes distributed across the array. In some designs, the reference electrode may
even be physically separate from the cell culture chamber, but such setups are typically
discouraged due to practical issues, such as increased risk of contamination and re-

duced ease of use during cell maintenance. (24)

Ideally, cells should adhere near the recording electrodes, where their action potentials
and other bioelectrical activities modulate the local extracellular potential. These
changes are then detected as voltage fluctuations in the MEA signal. However, the spa-
tial distribution of cells on the array can influence the measured signal. For instance, if
cells grow directly over or near the ground electrode, they may also influence its poten-
tial. This situation can create unwanted signals, referred to as disturbance signals. Con-
sequently, such signals may not accurately reflect the activity at the site of interest. Care-
ful electrode design and culture handling are therefore essential to minimize the likeli-
hood of such interference.

2.3.1 Comparison of Current and Voltage Values in Existing
Models

Various computational studies have been conducted to simulate the electrical behaviour
of excitable tissues or cells, using different current and voltage values depending on the
biological system and modelling goals. These studies provide important references for

parameter selection in similar simulation environments.

In a study (7), cardiac tissue was modelled using a monodomain approach implemented
in MATLAB to investigate propagation of electrical activity under ischemic conditions.
The simulation current used in the model was 0.255 mA, although the corresponding
voltage value was not disclosed in the publication.

In another study (25), NEURON simulation environment was employed to model com-
pound action potentials in the sciatic nerve, focusing on both A and C fiber populations.

Their simulations utilized simulation currents ranging from 10 to 500 pA for C fibers and
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1 to 9 pA for A fibers, with resulting voltages in the range of 0-10 mV depending on fiber

type and configuration.

Finally, in a study (26), a three-dimensional finite element model of a myelinated axon
was implemented in COMSOL Multiphysics to simulate ephaptic coupling between ax-
ons. The resting membrane potential in the model was set to -60 mV, consistent with

physiological values for mammalian axons.

These examples illustrate the diversity in current and voltage values across different bi-
ological systems and modelling approaches, and they serve as useful references when

selecting appropriate parameters for new simulation models.

2.4 Description of the COMSOL Model Used in This Study

The COMSOL Multiphysics model used in this study is designed to simulate the propa-
gation of electrical signals in a microelectrode array (MEA) environment. MEAs are de-
vices consisting of multiple small-scale electrodes embedded in a substrate, typically
used to record extracellular potentials from electrically active cells such as neurons or
cardiomyocytes. These arrays enable high-resolution spatial mapping of bioelectric ac-
tivity and are widely applied in neuroscience, cardiology, and pharmacological testing.
(24)

The simulation closely replicates an experimental setup where a dipole source, acting
as an artificial representation of bioelectric activity, interacts with measurement elec-
trodes under controlled conditions. In the model, the dipole is implemented as an elec-
trical current dipole source, which serves as a simplified abstraction of the electric field
generated by an active biological cell. The experimental setup was developed by Sal-
pavaara et al. (27), and the COMSOL simulation model closely mimics that setup. By
systematically modifying model parameters, the study aims to analyse how electrode

configurations and dipole positioning influence the recorded potentials.

The model is constructed using a volume conductor approach, where the extracellular
potential is solved throughout the simulated medium. The Electric Currents — solid to
shell physics interface is applied, ensuring an accurate representation of electrical signal
propagation across different domains. The system incorporates both stationary (steady-
state) and time-dependent simulations, allowing for comprehensive analysis under vari-
ous conditions. Additionally, parametric sweeps are performed to systematically investi-

gate the effects of different model parameters.

The geometric structure of the COMSOL model mirrors the real-world MEA setup, with

multiple mesh refinements applied to enhance accuracy in critical regions. Electrode
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openings, Metal-Sinx, metal outside well, and Dipole including the tip are meshed using
free triangular elements, providing flexibility in capturing fine structural details. The well
region is meshed with free tetrahedral elements, which ensures better volume discreti-
zation and numerical stability in the 3D simulation space. Figure 1 illustrates the geom-

etry of the simulation, including the electrode layout and dipole positioning.

Figure 1. Geometry of the simulation

As shown in Figure 1, the COMSOL model includes a set of measurement electrodes in
a conductive medium, with a centrally positioned ground electrode and a freely adjusta-
ble dipole source. The dipole can be positioned dynamically in 3D space, allowing inves-
tigation of its effects on the measured electrical signals. By adjusting the dipole’s location
and orientation, the model enables the replication of different physiological and experi-

mental conditions.

Furthermore, the dipole forms a characteristic dipole field, where the potential distribution
exhibits a positive pole in one direction and a negative pole in the opposite direction.
This is a fundamental feature of dipolar electric sources, mirroring the extracellular po-
tential fields produced by excitable cells such as neurons. The resulting field structure is
visualized in Figure 2, which illustrates the potential distribution around the dipole in the

simulation.
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Figure 2. Potential distribution from the electric dipole source

Since the electrical properties of the model are derived from the real experimental envi-
ronment, the conductivity, permittivity, and other material parameters are assumed to be
aligned with known empirical values. The electrodes and measurement system are care-
fully represented to maintain consistency with the physical MEA system, ensuring that

computational results can be directly compared to experimental data.

By leveraging COMSOL’s advanced simulation capabilities, including flexible meshing,
parametric sweeps, and dynamic source positioning, this model provides a highly con-
trolled framework for exploring how various factors influence bioelectric signal measure-
ment. The insights gained from these simulations can help refine experimental protocols

and improve electrode designs for future studies.
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3. METHODS

This study employs the previously described COMSOL Multiphysics model to investigate
the effects of various electrode configurations and source orientations on bioelectric sig-
nal propagation. The computational model is used to analyse three distinct scenarios,
each focusing on how specific parameters influence the recorded voltage at the meas-
uring electrode.

The study of different electrode configurations is essential for improving the accuracy
and reliability of bioelectric measurements in microelectrode array (MEA) systems. In
practical MEA applications, the placement and size of ground electrodes can significantly
affect the recorded potentials by altering the distribution of the electric field. Understand-
ing how these factors influence signal propagation is crucial for minimizing measurement
errors and ensuring that experimental results accurately reflect the underlying biological
phenomena. Moreover, optimizing electrode configurations can improve the design of
MEA systems used in various applications, such as neural signal recording, cardiac elec-

trophysiology, and other bioelectrical studies.

Although the measured potential in MEA systems is technically the voltage difference
between the measuring and ground electrodes, it is conventionally interpreted as reflect-
ing the potential at the site of the measuring electrode. This interpretation assumes that
the reference electrode maintains a stable and spatially uniform potential, effectively an-
choring the measurement. Consequently, the recorded signal is generally attributed to
bioelectric activity occurring in the immediate vicinity of the measuring electrode, while
the contribution of the ground electrode is considered passive and constant. This as-
sumption simplifies the analysis and interpretation of the signals, even though in practice
the configuration and placement of the ground electrode can introduce significant varia-

bility in the measured voltage.

Two types of signals can be obtained from the simulation: the useful signal and the dis-
turbance signal. The useful signal is defined as the potential recorded when the dipole
source is positioned directly above the measuring electrode, providing the intended sig-
nal measurement under controlled conditions. The disturbance signal, on the other hand,
is obtained when the dipole is positioned near the edge of the ground electrode, where
disturbances in the local electric field distribution can occur. This comparison between
the useful and disturbance signals allows for a comprehensive evaluation of how differ-

ent electrode configurations affect the signals. The reason a disturbance signal arises
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when the dipole is near the ground electrode edge is due to the disturbance in the local
electric field distribution. When the dipole is placed near the boundary of the ground
electrode, the reference potential is no longer uniformly distributed, causing distortions
in the measured signal. This phenomenon is particularly relevant in real-life MEA sys-
tems, where alterations in positioning of the signal source relative to the ground electrode

can significantly impact the accuracy of potential measurements.

In the first investigation, the effect of ground electrode size on the recorded voltage at
the measuring electrode is examined. By varying the dimensions of the ground electrode,
the study aims to determine how its size influences the measured voltage in the system.
The comparison between useful and disturbance signals allows for an evaluation of how
the ground electrode size affects both the intended signal and unintended potential var-

iations.

The second investigation explores the impact of multiple ground electrodes on the volt-
age at the measuring electrode. This analysis compares different configurations where
one or more ground electrodes are present, allowing an assessment of whether addi-
tional ground connections alter the recorded signal strength or distribution. As in the first
investigation, the disturbance signal is computed by placing the dipole at the boundary
of one of the selected ground electrodes and comparing recorded potential to the setting
where the central ground electrode acts as a ground. This approach ensures that the
influence of multiple ground electrodes on both the signal stability and potential distribu-

tion can be systematically evaluated.

Finally, the third investigation focuses on how the orientation and distance of the dipole
source affect the recorded voltage at the measuring electrode. The dipole’s spatial align-
ment and inclination are systematically adjusted to determine their influence on signal

propagation and detection.

All simulations in this study were performed using a parametric sweep, a computational
technique that enables the systematic evaluation of multiple parameter variations within
a single simulation framework. This approach was applied across all investigated sce-
narios. By automatically iterating over predefined parameter values, the parametric
sweep method allowed for a structured and efficient analysis without the need for man-
ually adjusting each simulation. This ensured consistency, reduced computational work-
load, and provided a comprehensive understanding of how various factors impact signal

propagation in the MEA environment.
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The placement of the dipole source in this study was determined based on the expected
potential distribution in the microelectrode array environment. When a dipole is posi-
tioned directly above an electrode, the electrode’s potential remains at zero due to the
symmetrical electric field distribution as was shown in Figure 2. However, as the dipole
is gradually moved away from this central position, the electrode potential initially in-
creases, until it reaches a maximum value, after which it begins to decrease again. The
dipole location used in this study was chosen to correspond to the position where the
recorded potential is maximized, ensuring optimal sensitivity for detecting changes in-

duced by variations in dipole orientation and distance.

While this behaviour applies to all electrodes in the array due to the symmetrical nature
of the system, the specific measuring electrode was chosen for consistency across sim-
ulations and analysis. The measuring electrode is shown in Figure 3 marked as ME. The
selection of a specific electrode does not influence the general trends observed in the

study, as the same principles apply to all recording sites within the MEA.

By conducting these simulations, the study aims to provide insights into how electrode
configurations and source orientations influence bioelectric measurements, which is cru-

cial for optimizing electrode placements in experimental and clinical applications.

3.1 Effect of Ground Electrode Position and Size

To examine how the size and positioning of the ground electrode affect the recorded
potential at the measuring electrode, a series of simulations were conducted using the
COMSOL Multiphysics model. The analysis was performed in three stages: first, using
the default configuration with a centrally positioned ground electrode, second, by rede-
fining the ground electrode at an alternative location within the electrode array, and third,
by evaluating the error potential when the dipole source was positioned near the bound-

ary of the ground electrode.

In the initial simulation, the ground electrode was positioned at the center of the array,
serving as the reference potential. The dipole source was placed at the edge of the
measuring electrode with an applied current of 10 uA as shown in Figure 3. The dipole
was displaced by 0.2 mm from top of the measuring electrode to ensure the highest
possible potential. The potential was recorded relative to the centrally positioned ground
electrode.



Figure 3. Dipole source placement above the measuring electrode with all uti-
lized electrodes labeled.

In the second set of simulations, the original central ground electrode (electrode 1) was
reassigned to a different potential, and one of the peripheral electrodes (electrode 2) was
selected as the new ground reference. The dipole source remained at the same position,
and the simulation was rerun under otherwise identical conditions. This approach al-
lowed for an assessment of how altering the ground electrode’s size influences the rec-

orded signals at the measuring electrode.

To further analyse the impact of ground electrode size, an additional simulation was con-
ducted where the dipole source was shifted towards the edge of the ground electrode to
assess the disturbance signal introduced by proximity to the ground boundary. This test
was performed for the centrally placed large ground electrode 1, as shown in Figure 1,
the smaller peripheral ground electrode 2, as shown in Figure 4, and an even smaller
peripheral ground electrode 5 as shown in Figure 5 ensuring a direct comparison of their

effects on the recorded signal.
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Figure 4. Dipole source placement on the peripheral ground electrode (0.3937
mm?)
Furthermore, a third simulation was performed using an even smaller peripheral ground
electrode with an area of 0.075094 mm? to investigate how reducing the ground electrode
size even further affects the measured signal. The same procedure was applied as with
the previous configurations, including positioning the dipole at the edge of the ground
electrode to measure the disturbance signal. The placement of the dipole in relation to

this smallest ground electrode is illustrated in Figure 5.
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Figure 5. Dipole source placement on the smaller peripheral ground electrode
(area of 0.075094 mm?)

Since the ground electrode does not necessarily maintain an absolute potential of 0V, it
was essential to calculate the effective potential at the measuring electrode by subtract-
ing the voltage of the ground electrode from the recorded voltage at the measuring elec-
trode. This adjustment ensured that the results accurately reflected the effect of ground
electrode positioning on the measured potentials. For the disturbance signal analysis,
the dipole was positioned at the boundary of each ground electrode, and the recorded
potential at the measuring electrode was compared across configurations. This allowed
for a direct evaluation of whether larger ground electrodes result in a greater disturbance

signal and how peripheral ground electrodes influence potential stability.

The results of these simulations, including a comparison of the different ground electrode
configurations and their respective disturbance signals, will be presented in the Results

section.

3.2 Effect of Multiple Ground Electrodes

To investigate how presence of multiple ground electrodes affects the recorded potential
at the measuring electrode, a series of simulations were performed using the COMSOL

Multiphysics model. The methodology closely follows the procedure outlined in Section
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3.1, but instead of assigning a single peripheral electrode as the ground, multiple elec-

trodes along the edges of the array were selected as ground references.

In the initial simulation, the central ground electrode (electrode 1) was used as the
ground electrode, with the dipole source placed at the edge of the measuring electrode,
as shown in Figure 3, with an applied current of 10 pA. The potential at the measuring

electrode was recorded relative to this central ground.

In the subsequent simulations, the original central ground electrode was set to another
potential, and multiple peripheral electrodes were simultaneously assigned as ground
electrodes. Specifically, electrodes 2, 3, and 4, as shown in Figure 3, were sequentially
set as ground electrodes. In the final configuration, all three electrodes were simultane-
ously used as ground electrodes. The dipole source remained in the same position, and
the simulation was rerun under otherwise identical conditions. This allowed for the eval-
uation of how distributing the ground reference across multiple locations influences the
useful signal recorded at the measuring electrode.

To further assess the effect of multiple ground electrodes on signal accuracy, additional
simulations were conducted where the dipole source was placed at the boundary of one
of the selected ground electrodes. This test aimed to quantify the disturbance signal in-
troduced by the presence of multiple ground electrodes and determine whether their dis-
tribution mitigates or amplifies potential distortions. The same dipole positioning adjust-
ments made in Section 3.1 were applied here, ensuring direct comparability between

single and multiple ground electrode configurations.

As in the previous analysis, the ground electrodes do not necessarily maintain an abso-
lute 0 V potential. Therefore, to obtain meaningful results, the effective potential at the
measuring electrode was calculated by subtracting the average voltage of the selected
ground electrodes from the recorded voltage at the measuring electrode. This adjustment
ensures that the influence of multiple ground electrodes on extracellular potential distri-

bution is accurately captured.

Additionally, by evaluating the disturbance signal when the dipole was placed at the
ground boundary, the simulations provided insight into whether multiple ground elec-
trodes stabilize the potential measurement or introduce additional inconsistencies. The
comparison between different configurations allows for determining whether increasing
the number of ground electrodes improves overall signal accuracy or creates unpredict-

able variations in recorded potentials.

The results of these simulations, along with a comparison of different ground electrode

configurations, will be presented in the Results section.
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3.3 Effect of Electric Dipole Source Distance and Orientation

To investigate the effect of dipole source orientation and distance on the recorded po-
tential at the measuring electrode, a series of simulations were conducted using the
COMSOL Multiphysics model. The dipole was systematically positioned at the edge of
the measuring electrode, while its orientation and vertical displacement (z-coordinate)
were varied across multiple conditions. These parameters were adjusted to examine how
changes in dipole angle and distance influence the potential distribution and the recorded
signal at the selected electrode.

The dipole was rotated along a predefined set of deviation angles from perpendicular (5,
10, 20, 25 degrees), covering a range of orientations that reflect relevant configurations.
Simultaneously, its height relative to the electrode plane was modified at distances of 0,
0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, and 0.2 millimetres, to analyse the impact of
increasing or decreasing source distance on signal strength and spatial distribution. Each
configuration was simulated independently, ensuring that changes in recorded potential
could be directly attributed to variations in dipole positioning. The study of dipole distance

effect was also repeated with a smaller dipole half the size of the original dipole.

This investigation is particularly relevant for experimental applications, as it helps deter-
mine the precision required in positioning the dipole in a real MEA system. Understand-
ing how orientation and distance affect the recorded signal provides insights into the
necessary level of control when aligning the dipole with a specific electrode in physical

experiments.

The results of these simulations, including the relationship between dipole position and
the measured potential at the measuring electrode, will be presented in the Results sec-

tion.
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4. RESULTS AND ANALYSIS

4.1 Effect of Ground Electrode Position and Size

The results indicate that shifting the ground electrode from the large central ground elec-
trode (area of 3.1577 mm?) to a significantly smaller peripheral electrode (0.3937 mm?)
had only a minor effect on the recorded potential at the measuring electrode. When the
ground was located at the centre, the measured potential was 1.1121 mV, whereas after
moving the ground to a peripheral electrode, the recorded potential changed slightly to
1.1103 mV. This minimal difference suggests that the placement of the ground electrode
does not substantially alter the measured voltage at the measuring electrode under these

conditions.

One possible explanation for this small variation is that, despite the considerable size
difference between the original and new ground electrodes, the system remains largely
electrically balanced. The large central ground electrode was initially expected to provide
a more uniform reference potential, but the results suggest that the peripheral ground
electrode is still capable of maintaining a similar potential level. This may be due to the
high conductivity of the surrounding medium, which helps evenly distribute the reference

potential, minimizing differences in the recorded signal.

Additionally, the symmetric arrangement of the electrode array likely contributes to this
stability, ensuring that even when the ground electrode is moved, the potential gradients
remain relatively consistent. Although the total surface area of the ground electrode was
significantly reduced, the system’s electrical properties appear to compensate for this
change, preventing a major shift in the recorded voltage.

However, when considering the disturbance signal, a notable difference emerges be-
tween the various ground electrode configurations. In the default configuration where the
large central electrode served as the ground, the disturbance signal measured at the
measuring electrode was 0.17748 mV. In contrast, when the smaller peripheral electrode
was used as the ground, the disturbance signal was significantly larger, measuring -
0.39618 mV. Additionally, when an even smaller electrode with an area of 0.075094
mm? was used as the ground, the disturbance signal measured at the measuring elec-
trode was 1.1063 mV. The sign of the potential is not inherently meaningful in this con-
text, as an equivalent measurement taken on the opposite edge of the electrode would
yield the same magnitude but opposite polarity.
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The substantial difference in disturbance signal magnitude suggests that the size and
placement of the ground electrode significantly influence the degree of unwanted poten-
tial variation. One likely explanation is that the larger central ground electrode provides
a more stable reference, effectively homogenizing the electric field and reducing local-
ized variations. In contrast, the smaller peripheral ground electrode results in greater
spatial asymmetry, which amplifies the recorded disturbance potential. Additionally, the
reduced surface area of the peripheral ground may limit its ability to effectively dissipate

charge, leading to larger deviations in measured signals.

These finding suggest that, in this specific configuration, the size and location of the
ground electrode do not play a dominant role in determining the useful potential at the
measuring electrode, but they have a significant impact on the disturbance signal. This
distinction is critical for applications where minimizing unwanted signal variation is es-
sential for accurate extracellular potential recordings. The influence of ground electrode

configuration on overall electric field distribution warrants further examination.

The measured disturbance signals corresponding to different ground electrode sizes are
presented in Table 1. This comparison highlights the strong relationship between ground

electrode area and the magnitude of the disturbance signal.

Table 1. Disturbance signal measurements for different ground electrode areas

Ground Electrode Area (mm?) Disturbance Signal (mV)
3.1577 0.17748

0.3937 -0.39618

0.0750 1.1063

4.2 Effect of Multiple Ground Electrodes

The recorded potential at the measuring electrode exhibited minor variations depending
on the configuration of the ground electrodes. Initially, when the large central electrode
served as the sole ground, the measured potential was 1.1121 mV. As additional smaller
peripheral electrodes were incrementally introduced as ground electrodes, the potential

decreased slightly, reaching 1.1114 mV after the inclusion of multiple peripheral grounds.
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Notably, the decline in potential was minimal, suggesting that the additional ground elec-

trodes only marginally influenced the local electric field.

A plausible explanation for this minor reduction in potential is that the introduction of
smaller ground electrodes redistributed the reference potential but did not significantly
alter the overall potential distribution within the system. Given that the original central
ground electrode was considerably larger than the peripheral ones, it was expected to
provide a more dominant influence on the electric field. However, the results indicate that
the presence of multiple smaller ground electrodes gradually compensates for its re-
moval, maintaining a stable potential at the measurement site. This suggests that the
system’s conductivity properties facilitate a relatively uniform potential distribution de-

spite modifications to the ground configuration.

When the central ground electrode was entirely removed and only the smaller peripheral
electrodes were used as ground, the potential exhibited a slightly larger decrease, with
values ranging from 1.1103 mV to 1.1107. This trend indicates that the absence of the
dominant central ground leads to a more noticeable shift in potential, albeit still within a
limited range. The relatively small variation further supports the notion that the surround-
ing medium effectively redistributes the reference potential, preventing drastic changes

in the recorded voltage.

However, a more pronounced effect is observed when analysing the disturbance signal
in each configuration. In the initial setup, where the large central electrode served as the
sole ground, the disturbance signal measured at the measuring electrode was 0.17748
mV. When an additional single peripheral electrode was introduced as a secondary
ground, the disturbance signal decreased to 0.1354 mV. Further increasing the number
of peripheral ground electrodes to a total of three reduced the disturbance signal even
further to 0.11542 mV.

In contrast, when only a single peripheral electrode was used as the ground (as exam-
ined in Section 4.1), the disturbance signal was significantly larger, measuring -0.39618
mV. Introducing a second peripheral ground electrode in this configuration reduced the
disturbance signal to -0.20073 mV, and adding a third peripheral ground further lowered
it to -0.13950 mV. These results indicate a clear trend where increasing the number of
ground electrodes mitigates the magnitude of the disturbance signal, regardless of
whether the central ground electrode is present or not. The relationship between the
number of ground electrodes, total grounding area, and corresponding disturbance sig-

nals is summarized in Table 2.
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Table 2. Disturbance signal measurements for different ground electrode configurations

Number of Ground | Electrode Labels | Total Ground Elec- | Disturbance Signal
Electrodes Used trode Area (mm?) | (mV)

1 1 3.1577 0.17748

2 1,2 3.5514 0.13534

3 1,2,3 3.9451 0.11542

1 2 0.3937 "0.39618

2 2,3 0.7874 0.20073

3 2,3,4 1.1811 "0.1395

The primary reason for this reduction in disturbance signal is likely the enhanced distri-
bution of the reference potential across multiple grounding points. When only one small
peripheral ground electrode is present, the reference potential is highly localized, leading
to stronger potential gradients and larger deviations in recorded voltage. As additional
ground electrodes are introduced, the reference potential becomes more evenly distrib-

uted, stabilizing the measured signal.

Furthermore, the presence of multiple ground electrodes appears to homogenize the
overall potential landscape, effectively lowering the discrepancy between useful and dis-
turbance signals. This effect is particularly pronounced when comparing the extreme
cases: the disturbance signal in the single peripheral ground electrode configuration (-
0.39618 mV) is more than double that of the configuration where three peripheral ground
electrodes were used (-0.13950 mV). As shown in Table 2, increasing the number of
ground electrodes provides a stabilizing effect, mitigating disturbance signal fluctuations

and improving overall measurement accuracy.

These findings highlight that while the placement and size of the ground electrode influ-
ence the recorded potential, the overall effect remains limited due to the high conductivity
of the medium. The results suggest that in systems with multiple grounding points, local
potential fluctuations are minimized, likely due to the homogenization of the reference

potential across the system. This observation is particularly relevant for applications
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where stable voltage measurements are critical, as it implies that careful ground place-

ment can ensure reliable signal acquisition with minimal impact on the recorded potential.

4.3 Effect of Electric Dipole Source Distance

The results indicate a relationship between the dipole’s vertical displacement (z,,s,) and
the recorded potential at the measuring electrode. As the distance between the dipole
source and the electrode increases, the measured voltage decreases. The data suggests

a nonlinear decay, as shown in figure 6.

Potential (mV)

N
o

Figure 6. Recorded voltage at the measuring electrode as a function of dipole
distance with a perpendicular orientation

When examining shorter distances (e.g. from 0.0 mm to 0.05 mm), the voltage reduction
can be approximated as linear. However, as the dipole moves further away (0.1 mm to
0.2 mm), the decline in voltage becomes less steep, following a pattern that suggests an

exponential or inverse-square relationship rather than a simple linear decrease.

When the experiment was repeated with a smaller dipole opening, reduced to half the
size of the original, the results closely resembled those of the initial experiment. Initially
the voltage reduction appears linear, however, as the dipole moves further away, the
decline becomes less steep. This is illustrated in Figure 7 representing the recorded

voltage as a function of dipole distance.
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Potential (mV)

Figure 7. Recorded voltage at the measuring electrode as a function of dipole
distance with a perpendicular orientation with a smaller dipole opening

This behaviour is consistent with theoretical expectations for electric fields, where poten-

tial typically decreases nonlinearly with distance from a source.

These findings have practical implications when verifying the simulation results with a
physical MEA test system, as they highlight the necessity of precise control over dipole
positioning. Even minor variations in dipole height can significantly influence the rec-
orded signal, necessitating careful alignment to ensure measurement consistency. Fur-
ther analysis in Section 4.5 explores how dipole orientation interacts with distance to

influence the recorded potential.

4.4 Effect of Electric Dipole Source Orientation

The recorded potential at the measuring electrode is also strongly influenced by the ori-
entations of the dipole source. As the dipole angle (6,;,) deviates from 90°, (perpendic-
ular to the electrode surface), the measured voltage systematically decreases. However,
unlike the effect of distance, this decline follows a second-degree polynomial trend, as

illustrated in Figure 8.
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Figure 8. Recorded voltage at the measuring electrode as a function of dipole
orientation

The results indicate that when the dipole is positioned perpendicular to the electrode
surface at 6,;, = 90°, the recorded voltage is at its maximum. As the dipole tilts away
from the perpendicular orientation with the deviation angles being 5, 10, 20, and 25 de-
grees from perpendicular, the voltage decreases at an accelerating rate. This nonlinear
reduction suggests that the projection of the dipole’s electric field onto the electrode
plane is not uniform and diminishes more rapidly as the dipole angle moves further away
from 90°.

This behaviour can be explained by the geometric relationship between the dipole and
the electrode. When the dipole is perfectly perpendicular, the field is optimally aligned
with the recording electrode, maximizing the measured potential. As the dipole tilts, the
effective field component interacting with the electrode plane decreases, leading to a
nonlinear decline in recorded voltage. Additionally, a greater tilt angle increases the rel-
ative contribution of lateral components of the electric field, further dispersing the signal

and reducing its intensity at the recording site.

This trend highlights the importance of accurate dipole orientation control in experimental
MEA setups, as even small deviations from the perpendicular position significantly re-
duce signal strength. Further analysis in Section 4.5 examines the combined effect of

dipole distance and orientation.
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4.5 Combined Effect of Dipole Distance and Orientation

The combined influence of dipole distance (z,,54) and orientation (64;,) on the recorded
potential at the measuring electrode reveals a complex interaction between these pa-
rameters. As established in Sections 4.3 and 4.4, increasing the distance leads to a non-
linear decrease in voltage, while orientation influences the signal in a second-degree
polynomial manner. When analysed together, these two factors exhibit an interdepend-

ent effect.

When the dipole is positioned close to the electrode, (e.9. z,05¢ = 0.0 mm), orientation
plays a dominant role in determining the recorded potential. In this configuration, tilting
the dipole away from 90° (perpendicular) results in a rapid voltage reduction, following
the polynomial trend described in Section 4.4. However, as z,,s; increases, the influ-
ence of orientation diminishes. Figure 9 presents a plot of recorded voltage against di-
pole angle at different distances, demonstrating that at z,,;,; = 0.2 mm, the voltage
between 90° and 65° orientations is significantly smaller than at z,,5; = 0 mm. This sug-
gests that at greater distances, the electric field distribution becomes more uniform, re-
ducing the effect of dipole tilt on the measured signal. Conversely, at short distances,
the field is more localized, making the orientation more critical for determining the rec-

orded potential.

Figure 9 illustrates how voltage decreases as the dipole moves away from the electrode
at different orientations. For instance, when the dipole was positioned at 64, = 90°, the
recorded voltage dropped from 11.978 mV (0.0 mm) to 6.013 mV (0.1 mm) and further
down to 3.341 mV (0.2 mm). A similar pattern was observed at other dipole angles rein-
forcing the notion that orientation has a greater impact when the dipole is near the elec-

trode.
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Figure 9. Recorded voltage at the measuring electrode as a function of dipole
distance for various dipole orientations, with each curve representing a different
angle

From Figure 9, it is evident that at small distances, the angle of the dipole significantly
affects the measured potential, whereas at larger distances, the impact of orientation
diminishes. This behaviour suggests that in practical MEA applications, the sensitivity of
recorded signals to dipole orientation depends on the proximity of the source to the elec-
trode. At short distances, precise angular alignment is crucial for accurate measure-
ments, whereas at greater distances, maintaining a consistent height is more important

than fine-tuning orientation.

These results suggest that electrode orientation must be controlled in adequately when
designing physical tests using MEAs. In setups where the dipole is expected to be posi-
tioned close to the electrode array, small changes in angle can lead to significant varia-
tions in recorded potential. Conversely, at greater distances, the overall voltage decrease
follows a predictable nonlinear trend, but orientation effects become negligible, simplify-

ing the experimental requirements for positioning accuracy.
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5. CONCLUSIONS

5.1 Summary of Key Findings

This study investigated how different ground electrode configurations and dipole posi-
tioning affect the recorded potential in a microelectrode array (MEA) environment using
COMSOL Multiphysics simulations. The results show the influence of ground electrode
size, the number of ground electrodes, and dipole characteristics on the accuracy and
stability of measured signals.

Two types of signals can be measured in the simulation: the useful signal and the dis-
turbance signal. The useful signal is recorded when the dipole source is positioned above
the measuring electrode, and the potential is measured at this electrode. In contrast, the
disturbance signal is obtained when the dipole source is placed above a ground elec-

trode, while the potential is still recorded at the measuring electrode.

The findings show that changing the ground electrode from a large central electrode to
a smaller peripheral electrode had only a minor effect on the useful signal recorded at
the measuring electrode. However, the disturbance signal was significantly larger when
using a smaller ground electrode, emphasizing the importance of ground area for mini-

mizing unwanted potential variations.

When multiple ground electrodes were introduced, the recorded potential at the meas-
uring electrode exhibited a slight decrease, indicating that the additional ground refer-
ences only minimally altered the local electric field. However, a notable reduction in the
disturbance signal was observed as the number of ground electrodes increased, increas-
ing the total grounded area. The largest disturbance signal was recorded when using a
single peripheral ground electrode, whereas adding multiple ground electrodes progres-
sively reduced the disturbance signal, improving measurement accuracy. However, it
should be noted that increasing the number of ground electrodes is not always advanta-
geous, as the likelihood of the dipole source being positioned near the edge of any of
the ground electrodes increases, thereby introducing potential disturbance signals that

can compromise measurement accuracy.

The study also examined the effects of dipole distance and orientation on the recorded
potential. The results indicate that increasing the dipole’s distance from the electrode
resulted in a nonlinear decrease in recorded potential. The recorded potential followed a
second-degree polynomial trend when altering the source’s orientation, with the highest
recorded potential occurring when the dipole was perpendicular to the electrode surface.
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The results of this study have direct implications for the design and implementation of
real-life MEA experiments. The size of the ground electrode plays a crucial role in deter-
mining the magnitude of potential, with smaller ground electrodes leading to systems
being more prone to picking up disturbance signals. Increasing the number of ground
electrodes reduces the magnitude of unwanted signals, an important factor for ensuring

reliable extracellular recordings in real-world applications.

Additionally, the findings highlight the necessity of precise dipole positioning in MEA set-
ups. Understanding how distance and orientation affect recorded potentials allows for
better alignment of signal sources with measurement electrodes, reducing inconsisten-

cies and improving reproducibility in experimental setups.

5.2 Limitations of the Study

Despite the insights provided by this study, several limitations must be acknowledged.
The COMSOL model assumes a homogeneous extracellular medium, whereas in bio-
logical tissues, conductivity varies due to cellular structures and inhomogeneous extra-
cellular composition. Future studies should incorporate heterogeneous conductivity pro-

files to improve biological realism.

Additionally, the model does not consider biological noise, electrode impedance varia-
tions, or signal artifacts, which may affect real-world measurements. While parametric
sweeps provided extensive data on different configurations, dynamic bioelectric interac-
tions over time were not included in the present study. Time-dependent simulations of
neural or cardiac activity could offer further insight into transient electrical behaviour in
MEAs.

5.3 Future Research Directions

While the study provides valuable insights into the influence of ground electrode config-
urations and dipole positioning on extracellular potential measurements in MEAs, several
areas warrant further investigation. One important direction is extending the computa-
tional model to incorporate heterogeneous tissue properties. The present study assumes
a homogeneous extracellular medium, but biological tissues exhibit significant spatial
variations in conductivity due to cellular structures, extracellular matrix composition, and
fluid dynamics. Incorporating such complexities could improve the model’s biological re-

alism and enhance its predictive power in experimental applications.

Additionally, alternative grounding strategies should be explored to determine whether

adaptive reference electrodes or dynamically reconfigurable grounding configurations
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could further stabilize recorded potentials. The findings suggest that increasing the num-
ber of ground electrodes improves measurement stability, but more sophisticated
grounding methods may yield additional benefits, particularly in complex bioelectric en-

vironments where signal interference is a concern.

Experimental validation of the computational results remains a crucial next step. Con-
ducting direct physical testing under identical conditions would provide stronger confir-
mation of the model’s accuracy. By systematically varying ground electrode configura-
tions and dipole positioning in real MEA setups, researchers could assess whether the
observed trends hold true in biological environments. Such validation efforts would also

help refine computational models to better replicate experimental observations.
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