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ABSTRACT 
Sama Saeid: Modeling of Propagation and Measurement of Neuronal Action Potentials in 3D Master of Science Thesis Tampere University 
Master’s Degree Programme in Biomedical Sciences and Engineering April 2020      In the past decades, several methods have been developed which facilitate the culture, isola-tion, and investigation of neuronal networks in vitro. Neuronal networks provide an accessible and economical chance to study complex emanating properties that simulate brain physiology. Micro-electrode array (MEA) technology has emerged into a generally used and powerful methodology to analyze neural network activity. Computational modeling provides an extensive toolset for de-signing and interpreting neural recording devices. Modeling allows effective examination of large parameter spaces, for which laboratory research would not be feasible. A few studies have been performed in simulating the action potential propagating in an axon and its coupling with the elec-trodes, however, electromagnetic simulation based comparisons of the standard planar MEA and the 3D MEA by using finite element method have not been published prior to this work. The objective of this work was to compare the standard 2D MEA and the newer 3D MEA by and interpret the potential factors affecting the recorded signal. The finite element method was used to simulate the propagating action potential along the axon and MEAs coupled to the axon and cell growth medium. Commercial computational software COMSOL, which provides an ap-proximation of finite element method was employed. This software provides a chance to calculate the extracellular field potential distribution around the activated axon and simulate the recorded signals by planar and 3D MEAs from the surrounding environment. FitzHugh-Nagumo equations were used for simulating the traveling pulse along with the axon and other AC/DC modules utilized to define the enclosing domains. The geometrical effect of the standard planar MEA and the newer 3D MEA as well as, various parameters affecting the final recorded voltage have been assessed in detail.   The result of the FitzHugh-Nagumo 3D axon model is quite comparable to the Hodgkin-Hux-ley action potential model. Furthermore, the simulation results of the MEAs provide detailed spa-tial and temporal information about the electrical behaviour of the extracellular environment. As it has been observed in the other experimental results, this model also demonstrates that the phys-ical configuration and biological environment of the microelectrodes play a vital role in the results of the neuronal recording. These results confirm the inverse proportion between the electrode-neuron distance and amplitude of the recorded voltage, and the inverse relationship between the surface area and the magnitude of the detected AP. Furthermore, the recorded signals from the multiple axons by considering were been assessed. The results demonstrate complex recorded compound AP waveforms and revealed that the neuronal population can influence the amplitude and shape of the detected signals. It is shown that the fact that 3D microelectrodes have a larger surface area and spatial recording leads to higher voltage averaging from the extracellular me-dium. This issue demonstrates as the lower amplitude of the recorded APs compared to the planar microelectrode.    Keywords: MEA technology, finite element method, microelectrode array, 3D MEA, neural re-cording, computational modeling.   
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1. INTRODUCTION  
Neurophysiological studies have supreme prominence in explaining the underlying prop-
erties and behaviours of the neurons, enhancing the knowledge of the nervous sys-
tem[1]. Neuronal cultures have continued to be a powerful model for investigating the 
central nervous system, especially the healthy or diseased human brain[2][3]. Further-
more, brain slices or cultures of dissociated neurons have provided new insights into 
numerous brain diseases and allowed an accessible, economical, and less complex sur-
rogate for in vivo brain experiments[3]. These biological models offer a more flexible 
environment for various studies such as drug testing, toxicity testing, and developing 
functional organs [2][4]. Since 1950s, there is challenge in the neuroscience to reach a 
high throughput and high-resolution device for observation and manipulation of the neu-
ronal network[1][5]. Microelectrode arrays (MEA) are an essential means in analyzing 
the electrophysiology of the brain in vitro and used to characterize the cultured neuronal 
networks[6][7][8]. This tool allows non-invasive recording of electrical signals from neu-
ronal networks[9]. MEAs help researchers to understand brain functioning by investigat-
ing the electrical activity of the single cells and the whole population of the cells 
[10][11][9]. For the first time in 1972, Thomas et al. designed the MEA and used the 30 
electrodes array to record the embryonic chick cells[12][1]. Substrate-integrated microe-
lectrodes record the electrical voltage from the extracellular environment simultaneously 
through a large arranged array of individual electrodes[13][14][15]. Despite the perva-
siveness of MEAs, nevertheless, there is a deal of mystery about how to make them 
efficient and how to explain the signals they record[16]. The targets in making the high 
throughput MEAs are considered as selectivity, low impedance, High resolution, low sig-
nal to noise ratio(SNR)[16]. For this issue, several designs of MEAs have been manu-
factured consisting of both metallic and nonmetallic components in order to be used as 
neuronal interfaces[1]. Lately, It has been demonstrated that the structure, surface mod-
ifications, surface chemistry, and biotechnology can enhance the performance of the 
MEAs noticeably[1].  
The quality of the MEA recordings is one of the significant factors that define the pros-
perity of each experiment[6]. Furthermore, this success happens when the networks of 
neurons are active, and the electrodes are acting efficiently in recording the signals[6]. 
Appropriate electrical models are required to verify the design of modern microelectrode 
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arrays[11]. Computational modeling yields an extended toolset for designing and under-
standing neuronal interfaces [17]. The finite element method (FEM)Modeling supports 
the effective examination of large parameter spaces, where clinical research would not 
be achievable[17]. Moreover, 3D FEM modeling can provide a simulation of MEA based 
on the measurement environment and allow the researcher to interpret the recorded data 
concerning the measurement geometry [18]. Some research was performed in modeling 
microelectrode devices [18] and their coupling with active neurons[19][20][21].  
Nevertheless, in the literature, nothing mentioned about the comparison of the planar 
MEA and three-dimensional MEA and studying the factors affecting the recorded voltage 
in 3D models. This work attempts to interpret how the geometry, neuronal distance and 
population can change the signals detected by these two types of MEAs in 3D models.  
The approach of this thesis was to compare the standard 2D MEA and the newer 3D 
MEA by utilizing FEM modeling and assess the potential factors influencing the final rec-
orded voltage. Initially, AP propagation along a single scaled axon was simulated based 
on the FitzHug-Nagumo (F-N) model in COMSOL. Later, a system comprising of an MEA 
and an axon was simulated. To define the electrical conductivities of the practiced ma-
terials and the proper boundary conditions in the medium-electrode interface, electric 
current physics was employed in COMSOL. The comparison of the planar and 3D MEA 
based on the geometry effect was accomplished and further studies regarding the phys-
ical and biological environment of the microelectrodes were presented. 
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2. THEORETICAL BAGROUND 

2.1 Nerve cell 
In living tissue, significant communication control is performed by hormones and 
nerves[22]. Nerves are fast prewired point-to-point data carriers, whereas hormomes act 
on a slower time scale and in a broadcast fashion[22]. Neurons are the fundamental units 
of complex nervous systems [23]. Heinrich Wilhelm Gottfried Waldeyer applied the term 
neuron to the neuronal cell for the first time in 1891 and August Forel, Wilhelm His, and 
Santiago Ramón y Cajal revealed that the neural cell is the basic component of a neu-
ronal system [24]. 
There are various types of nerve cells, which perform a diversity of functions in different 
parts of the nervous system. The major parts of a neuron are the cell body (soma), many 
short processes (dendrites), a single extended nerve fiber (axon) and chemical or elec-
trical connectors (synapses) (Figure 1). Moreover, neurons exhibit a wide diversity in 
shape, size and electrochemical properties. Cables containing bundles of axons are 
called nerves [23]. 

 
 Main parts of a neuron. 

The body of a nerve cell is similar to those of all other eukaryotic cells and internal fea-
tures are nucleus, mitochondria, endoplasmic reticulum, ribosomes, and other orga-
nelles which are bond by membrane [25] [26]. Nerve cells are composed by  about 70 - 
80% of water, whereas the dry material is about 80% proteins and 20% lipids [25]. The 
organelles or other interior structure sustain all primary life processes as well as  support 
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the functions of receiving, conducting, and forwarding electrochemical signals [25]. The 
dendrites receive impulses from tens or even hundreds of thousands of neurons and 
transfer them to the cell body. These impulse can be excitatory or inhibitory[27]. The 
axon conducts the signal from the cell body to other nerves. Mammalian axons are about 
1 - 20 µm in diameter and they may be several meters in length [24].  
In some neurons, axons may be covered with an insulating layer called the myelin 
sheath, which was first observed by Theodor Schwann in 1838 [24]. The myelin sheath, 
which is composed of lamellar membranes and it plays a key role in the fast propagation 
of neuronal impulses in the both peripheral nervous system (PNS) and central nervous 
system(CNS) [28]. Furthermore, the myelin sheath is not continuous, and it is intersected 
by unmyelinated parts called nodes of Ranvier. Nodes of Ranvier are responsible for the 
typical fast impulse propagation through saltatory conduction from node to node. this 
event was observed for the first time by the French anatomist Louis Antoine Ranvier in 
1878 [29] [24].  Myelin sheath which is formed by glial cells (oligodendrocytes), efficiently 
isolates the axon, decreases the transmembrane capacitance, and thus also current 
leakage [30][31][28].  

2.2 Cell Membrane  
The cell is surrounded by a plasma cell membrane whose thickness is about 7.5 - 10.0 
nm [24]. Cell membrane controls the movement of substances in and out of the cell and 
its structure and composition resemble a soap-bubble film (fatty acids) [32].Two layers 
of lipids (fatty acids) which enclose the cell are called phospholipids [22](Figure 2). The 
heads of these molecules, the phosphoglycerates, are hydrophilic (attracted to water) 
and in contact with extra and intracellular fluid [23][24]. The membrane fatty acids have 
tails containing hydrocarbon chains, which are hydrophobic (water repelling) and pointed 
toward the middle of the membrane in the intracellular fluid [23]. There are macromolec-
ular protein pores (also called voltage dependent ion channels) embedded on the phos-
phide bilayer, which are the important part of the cell membrane based on the bioelectric 
viewpoint and shunt pathway with the bilayer lipid membrane [22][24]. Moreover, the 
extracellular and intracellular fluid of the cells generally contain some ions which 𝑁𝑎+, 
𝐾+ , 𝐶𝑙−and 𝐶𝑎+ are main ions capable of transmembrane flow [24]. Nodes of Ranvier 
are 1 µ𝑚 wide which is the lowest involvement to the axonal landscape[33][34]. None-
theless, the nodes of Ranvier have major effect on neurotransmission due to high den-
sities of voltage dependent 𝑁𝑎+channels up to 1400 channels per µ𝑚 2 [28][35][36]. 
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 Cell membrane structure. [Art]. In thoughtco. Obtained from https://www.thoughtco.com/cell-membrane-373364. 

2.3 Transmembrane and Resting potential 
The cell membrane plays a key role in generating the bioelectrical function of an excitable 
cell by regulating the movement of ions between the extracellular and intracellular re-
gions. It has been proposed that changes in the cell membrane charge may assist the 
recruitment of signalling molecules to the inner leaflet of the membrane in cell receptors 
micro clusters [37] [38]. This issue may leads to a significant impact on cell  motility and 
cell invasiveness, cancer propagation, apoptosis and scar development [39] [40] [41]. 
The concentration of sodium (𝑁𝑎+) ions in the extracellular fluid of the cells is approxi-
mately 10 times higher than the intracellular fluid [24]. On the other hand, potassium (𝐾+) 
ions’ concentration is 30 times higher inside the nerve cells [24]. Moreover, chloride (𝐶𝑙−) 
ions is at high concentration in the extracellular region and low inside the cell [23].  The 
cell membrane receptor proteins acts as selective transporter to these ions [23]. The 
ease with which, or more specifically, the rate at which an ion traverses the membrane 
is called the membrane permeability, which differs among ion species. Ion-selective 
properties and activation mechanisms of the ion channels embedded in the membranes 
affect the ionic composition inside and outside the cell [42]. Also, the concentration gra-
dients of ions across the membrane contribute to the ion movement through the cell 
membrane [24]. This phenomenon is called ion diffusion and the result of this flow is the 
tendency of ions to store inside or outside regions of the cell [24]. Accumulation of ions 
on different sides of the membrane leads to membrane potential, which is defined as the 
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potential at the inner surface relative to that at the outer surface of the membrane (1) 
[23][24] [42]. The magnitude of the transmembrane potential depends on the membrane 
selective properties as well as ion concentration in both sides of the membrane [43].   

𝑉𝑚 = (Φ𝑖) − (Φ𝑜),               (1) 
 
In this equation,𝑉𝑚is the membrane voltage, Φ𝑖is the inner surface potential and Φ𝑜is the 
outer surface potential. In the movement of ions the diffusional force as well as electric 
field force should be considered and the equilibrium is obtained when the diffusional 
force counteracts the electric field force for all ions [24]. At this point, which is called 
resting potential or Nernst potential, the net flow of a specific ion is zero [24]. In a resting 
state, the intracellular region of a neuron is negatively charged relative to the outside 
region, which leads to resting transmembrane potential around −75 mV, which varies for 

different types of cells [23][2].  
As it mentioned before, the relationship between the membrane potential and ionic flow 
is of great significance. For a membrane that is permeable just only to one specific ion, 
equilibrium state needs that the force due to the electric field be to the opposite direction 
and equal in magnitude with the force due to diffusion [24]. Nernst equation demon-
strates the equilibrium voltage based on the given ionic concentrations [24]. Equation (2) 
is the Nernst equation derived by Walther Hermann Nernst in 1888 and by allocating 37 
°C for the temperature, given in Kelvin, and ±1 for the valence  [44]. In this equation 𝑉𝑘 
is the Nernst voltage [V] across the membrane, R is the gas constant [8.314 J/(mol·K)], 
T is the absolute temperature [K], 𝑧𝑘is the valence of the 𝑘𝑡ℎ ion, F is the Faraday's 
constant [96485 C/mol],𝑐𝑖,𝑘  is the intracellular concentration of the 𝑘𝑡ℎ  ion, and 𝑐𝑜,𝑘 is 
the extracellular concentration of the 𝑘𝑡ℎ ion [24]. 

𝑉𝑘 =
−𝑅𝑇

𝑍𝐾𝐹
𝐿𝑛 

𝐶𝑖,𝑘

𝐶𝑂,𝐾
                                       (2) 

However, not only the assumption that the cell membrane is permeable to single ion is 
not valid, but also low permeability may have important effect [24]. For this issue, the 
straightforward extension of the Nernst equation has been derived, called Goldman-
Hodgkin- Katz equation, which gives the steady-state value of the membrane potential 
when there are other types of ions in the intracellular and extracellular regions (see equa-
tion 3) [24]. 

𝑉𝑚 =  −
𝑅𝑇

𝐹
𝑙𝑛

𝑃𝐾𝐶𝑖,𝑘+𝑃𝑁𝑎𝐶𝑖,𝑁𝑎+𝑃𝐶𝐼𝐶𝑜,𝐶𝑙

𝑃𝑜,𝑘𝐶𝑜,𝑘+𝑃𝑜,𝑁𝑎𝐶𝑜,𝑁𝑎+𝑃𝐶𝑙𝐶𝑖,𝐶𝑙
[𝑚𝑉]            (3) 
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where 𝑉𝑚 denotes the transmembrane potential,  𝐶𝑖 is the measurable intracellular ionic 
concentration, 𝐶𝑜 is the measurable extracellular ionic concentration, and 𝑃 is the per-
meability constant of an ion.  
Based on the equation (2) the resting potentials of sodium and potassium ions are re-
spectively 55 mV and -75 mV. Due to high concentration of Potassium ions inside the 
cell, the resting potential across the membrane is considered to be -70 mV [23]. 

2.4 The activation of nerve cell and propagation  
Bioelectrical sensitivity of living organisms initiates from selective membranes [42]. Neu-
rons can react to stimuli (such as touch, sound, light, and so on), transfer impulses, and 
communicate with each other and with other types of cells like muscle cells [45]. These 
stimuli directly or indirectly affect the ion channels, transporter or in the other way pump 
activation/inhibition [46]. This issue leads to transiently change in ion-specific permeabil-
ity of the membrane and membrane potential variation [46]. This stimulation can be ex-
citatory or inhibitory. For an excitatory (depolarizing) stimulus, a change of the potential 
happens inside the cell region compared to the outside region in the positive direction as 
well as a reduction in the resting voltage [24]. On the other hand, for an inhibitory stimulus 
(hyperpolarizing) an alteration happens in the potential inside the cell compared to the 
outside fluid in the negative direction which leads to an escalation in the magnitude of 
the membrane voltage [24]. If the excitatory stimulus is sufficient for the specific neuron, 
membrane depolarization causes the membrane potential to reach a threshold potential, 
and the membrane produces a rapid rise and fall of membrane potential, which is called 
nerve pulse, spike [23]. The recorded electrophysiological data from the neuronal pulse 
is called the action potential (AP) [24]. In this work, AP refers also to a simulated record-
ing of a neuronal pulse. An AP exhibits depolarization from the resting potential to a peak 
and decays back down to the equilibrium resting voltage in the repolarization phase [47] 
[42] (Figure 3). This reversal of polarity moves through the cytoplasm and activate the 
voltage dependent sodium channels along the length of the nerve fibre [48]. This Signal 
can propagate through the long axons, allowing conduction of information from sensory 
organs to the brain [47]. Furthermore, it is considered that the AP follows an all-or-nothing 
law and has a specific form regardless of the magnitude of stimulus [46] [42]. APs prop-
agate systemically with a regenerative property and a specific velocity [48] [49] [46] [50]. 
When the stimulus reaches the dendrites of the neuron, and the threshold voltage de-
pendent  𝑁𝑎+ channels become fully activated and the 𝑁𝑎+ influx develops the internal 
fluid of the cell [2] [48] . This issue reverses the polarity and cause more positive potential 
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in the inside region of the cell [48][2]. Accordingly, this activation process leads the mem-
brane voltage to change form -70 mV to peak value up to +40 mV [51].  

 
 Diagram of  action potential in the neuronal membrane from a resting voltage of -70 mV to +40 mV[47]. 

The part of an action potential above the 0 mV is recognized as overshoot [47] (Figure 
3).The approximately +30 mV is close to the Nernst potential for 𝑁𝑎+ corresponding to 
electrochemical equilibrium with the membrane completely permeable for 𝑁𝑎+  [48]. Fol-
lowing sharp upstroke activation, a slower recovery phase to restore the resting potential 
starts when the intercellular potential reaches approximately +20 mv and voltage de-
pendent 𝐾+channels are slowly increasing the permeability  [47][42] [24]. 𝐾+ flow from 
inside to outside of the cell and the closing of  𝑁𝑎+channels serve to stabilize the trans-
membrane potential [52] [28]. Potassium ion channels have small effect on repolarization 
owing to their slow kinetics of activation whereas, have an effect on the characteristic 
after hyperpolarization formed when the repolarized transmembrane voltage exceeds 
the resting voltage  (Figure 3)[53][52][28]. In the repolarization phase, membrane poten-
tial may also undershoot to more a negative voltage than the resting potential before 
retuning back to the resting voltage (Figure 3)[47]. This undershoot is called afterhy-
perpolarization [47]. Another important point about the inactivation of  𝑁𝑎+ voltage de-
pendent channels is that the channels will not reopen until the transmembrane voltage 
returns back to the resting potential [54].  
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2.5 Hodgkin-Huxley model  
Already based on the early studies on neuronal activity, it has been known that the rec-
orded action potentials are dependent on the influx of 𝑁𝑎+and efflux of 𝐾+ [55][56]. The 
landmark voltage clamp experiments of the Hodgkin, Huxley, and Katz on the giant squid 
axon were the basis of the first model for neuronal cell membrane excitation under both 
subthreshold and suprathreshold situations [51][24][57]. Their model describes the ionic 
basis of neuronal activity. Hodgkin and Huxley received the Nobel Prize in Physiology or 
Medicine in 1963 [24] and Katz in 1970. Their analysis supports the presence of inde-
pendent potassium and sodium channels [51]. The Hodgkin-Huxley model simulates the 
current (𝐼𝑚) passing through the cell membrane; the model is a parallel conductance 
model and includes four current elements: current which is carried by 𝑁𝑎+ions (𝐼𝑁𝑎), 
current conducted by 𝐾+ions (𝐼𝐾), capacitive current (𝐼𝐶), and the current which is carried 
by the other ions (𝐼𝐿)(leakage current) (Figure 4) [24][58]. In this model, the lipid mem-
brane is modeled as an isolator which acts as a capacitor 𝐶𝑚 [23]. 

 
 Hodgkin-Huxley electrical circuit model describing the giant squid axon mem-brane. 𝑉𝑁𝑎  , 𝑉𝐾 , 𝑉𝐿 are the calculated Nernst voltages of sodium, potassium, and chlo-ride (leakage) respectively. 𝑔𝑁𝑎 ,  𝑔𝐾 , 𝑔𝐿 are the ionic conductivities (ion permeability of the membrane) which are functions of time and transmembrane potential except 

  𝐺𝐿 that taken as constant [58][24]. 
By employing the Kirchhoff's law on this circuit, the time-dependent membrane current 
can be obtained (4)[58]. 
𝐼𝑚(𝑡) = 𝐶𝑚

𝑑𝑉𝑚

𝑑𝑡
+  𝑔𝑁𝑎(𝑉𝑚 − 𝑉𝑁𝑎) + 𝑔𝐾(𝑉𝑚 − 𝑉𝐾) + 𝑔𝐿(𝑉𝑚 − 𝑉𝑙)                   (4) 

As it mentioned, gNa,  gK are the conductance of the ion channels and they can be char-
acterized based on the m, n, and h which are called gating variables (equation 
5,6)[59][58]. Each of these variables defined in the simple linear equations (equation 
7)[23]. 
𝑔𝑁𝑎 = �̅�𝑁𝑎. 𝑚3. ℎ                                   (5)          
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𝑔𝑘 = �̅�𝑘 . 𝑛4                                              (6) 
𝑑𝜔

𝑑𝑡
=  𝛼𝜔. (1 − 𝜔) +  𝛽𝜔. 𝜔        , (ω is m, n, h)                                                               (7) 

In these equations, �̅�𝑘and �̅�𝑁𝑎are constant, 𝛼𝜔denotes the rate of transfer from outside 
of the membrane to intracellular medium whereas, 𝛽𝜔 denotes the rate to the opposite 
direction for the same ion [58]. The cable theory considers the axon as series of upper 
RC network models which are distributed uniformly[60]. By combining equation 4 with 
the cable theory, the concluding equation for the even propagation of the neuronal pulse 
can be calculated (8) [60][59][58].  

𝑎

2𝑅𝑖

𝜕2𝑉𝑚

𝜕𝑥2 = 𝐶𝑚
𝑑𝑉𝑚

𝑑𝑡
+ 𝑔𝑁𝑎(𝑉𝑚 − 𝑉𝑁𝑎) + 𝑔𝐾(𝑉𝑚 − 𝑉𝐾) + 𝑔𝐿(𝑉𝑚 − 𝑉𝑙)                            (8) 

In this equation 𝑅𝑖is the resistance of the intracellular medium,  𝑎 is the radius of the 
axon[60]. 
The Hodgkin-Huxley model and other models that calculate the action potential can be 
expressed as equation 9 and 10 by assuming distance and time as dimensionless vari-
ables x and T [60]. These variables can be calculated by dividing exact distances by a 
specific length or space constant and an RC time constant respectively [60]. 
𝜕2𝑉𝑚

𝜕𝑥2 −
𝜕𝑉

𝜕𝑇
= 𝑓 (𝑉, 𝑀1, . . , 𝑀𝑛)                                                                                            (9) 

𝜕𝑀

𝜕𝑇
= 𝑓𝑖 (𝑉, 𝑀1, . . , 𝑀𝑛)        for i=1,...,n                                                                                    (10) 

Although the Hodgkin-Huxley model provides a broad range of information from squid 
axons such as propagation and the shape of the pulse, this model has complexity and 
10 differential equations [23][60]. Besides, this model needs three extra variables (𝑀𝑖 =

𝑚, 𝑛, 𝑎𝑛𝑑 ℎ) which rise the computational times and power in the simulation soft-
ware[60][61]. Several simplified models are widely employed in modelling the neuronal 
network such as FitzHugh-Nagumo, which only utilizes two variables in the mentioned 
equations (8) and (9)[60][61][62][63].   
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2.6 FitzHugh-Nagumo model  
The FitzHugh-Nagumo (F-N) model is one of the popular standard models for APs uti-
lized in computational and theoretical neuroscience studies [63][64][65]. FitzHugh et al. 
established the two-dimensional (two variables in the system) neuronal model of the 
basic qualitative characteristics of neuronal oscillations by utilizing the simple polynomial 
ordinary differential equations (ODEs) instead of complicated ODEs of the Hodgkin-Hux-
ley (H-H) model [61][65][58]. Their discussion was built on the point that the time scale 
for the gating variables (m, n, and h) in the H-H equations were not all of the same order, 
therefore, the four variables of the H-H model could be ordered into a two-variable (V, 
ω) model (FitzHugh is also called the Bon Hoeffer-Van der Pol model)[63]. 
Equations 11 and 12  can be utilized for mathematically revealing the reaction-diffusion 
systems for wave propagation in excitable media [66][67][62].  
𝜕𝑢

𝜕𝑡
= 𝑓 (𝑢, 𝑣) +  𝐷𝑈𝛻2𝑢                                                                                                   (11) 

𝜕𝑣

𝜕𝑡
= 𝑔 (𝑢, 𝑣) +  𝐷𝑣𝛻2𝑣                                                                                                   (12) 

In these equations, u and v are dependent variables, ∇ is the Laplacian operator, 𝐷𝑈 and 
𝐷𝑣 are diffusion coefficients of two elements, 𝑔 (𝑢, 𝑣) and  𝑓 (𝑢, 𝑣) are the functions which 
governing the kinetics of the reaction [66]. By eliminating the diffusion of 𝑣 and normal-
izing 𝐷𝑈, FitzHugh-Nagumo equations (13 and 14) can be obtained, which are utilized 
extensively for modelling the reaction-diffusion systems and usually for modelling the 
propagation of the action potentials in the neuronal tissues [62][68][69].  
𝜕𝑉𝑚

𝜕𝑡
= 𝑉(𝑎 − 𝑉)(𝑉 − 1) − 𝑊 +  𝛻2𝑉                                                                                                   (13) 

𝜕𝑊

𝜕𝑡
=  𝜀 (𝑉𝑚 − 𝑏 − 𝑐𝑊)                                                                                                  (14) 

In this model, 𝑉 simulates the membrane voltage and also is  called excitation variable, 
W is the recovery variable which imitates the outward currents [61]. 𝜺 is excitability and 
commonly is accepted to be constant, 𝑎 is the excitation threshold where0 < 𝑎 <

1

2
 ,   𝛻2𝑉 

is the diffusion expression, and  𝑏, 𝑐 are the system parameters influencing the dynamic 
of the model [23][64].  
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2.7 Recording techniques 
Neuronal networks perform intricated operations which arise from the orchestrated inter-
actions of different neurons [14]. Neurons receive inputs from other neurons, and encode 
and relay the data from the soma by propagation of action potentials along the axon [14] 
to the synaptic terminals, and thereafter to subsequent connected neurons. The extra-
cellular field potentials (also called local field potentials) manifest the spike activity of 
different neurons, synaptic potentials, superposition of action potentials, and slow glial 
potentials in time and space [70]. It is  amenable to record the electrical fields and signals 
on the electrodes at distances from the source due to the electrical nature of the neuronal 
activity [71]. Besides, the amplitude range of the field potential varies between 10 µv to 
1 mv, therefore, great computational power is needed to acquire the information and 
classify the recorded voltage[72][73]. Changes in the membrane potential can be meas-
ured by recording the voltage between an extracellular microelectrode in the vicinity of 
the neuron and a reference electrode, which is further away [47]. Extracellular recording 
is a non-invasive tool which support long term recording despite of poor quality recorded 
signals [1][70][13] .  
MEAs allow us to monitor neuronal activity with high time resolution and over extended 
periods of time. Research methods include recordings of spontaneous activity, electri-
cally stimulated activity, and activity of neurons exposed to chemical compounds, e.g., 
for drug screening and toxicology [1][4].Thomas et al. designed the MEA for the first time 
in 1972 [12]. Thomas et al. utilized 30-electrode MEA to record the embryonic chick heart 
cells [1]. Thereafter, Gross succeeded to record action potentials from dissociated brain 
ganglia of the snail Helix pomatia by utilizing MEAs with 36 microelectrodes [74]. Pine 
correlated the intracellular and extracellular processes in 1980 from the rat superior cer-
vical ganglion cells by employing the MEAs in a study of extracellular and intracellular 
signal [7]. Consequently, this successful effort allowed MEAs to become an accepted 
electrophysiological method to analyze neurophysiology and neuropharmacology [1][75], 
and MEAs have been used to study the pharmacological and toxicological effects of the 
several compounds on the electrical activity of the neuronal networks [4]. 
Substrate-integrated microelectrodes record the electrical changes from the extracellular 
medium simultaneously through a large arranged array of  individual metal electrodes 
both in vivo and in vitro applications [4] [14] [76]. This recorded data can be acquired 
across the morphology of the nearby neuron and from the other cells [71] [76].  Com-
mercially available MEAs are a well-known technology for studying the electrical activity 
of neuronal networks. However, MEAs do not target the individual networks and they still 
suffer from the poor spatial resolution and low signal-to-noise ratio (SNR) [77][78][79]. 
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MEAs can be used to study the electrical activity of neurons either acutely, for instance 
from the retina or tissue slices, or during prolonged culturing, e.g., to study network mat-
uration over several weeks [4]. A MEA system can be connected to a stimulus generator 
in order to record evoked neuronal activity and analyze synaptic plasticity 
[80][81][82][83][84].  
 

 
Figure 5. A planar MEA with an integrated culture dish. The glass-integrated MEA is surrounded by medium that contains rat cortical neurons (Adapted from[85]). 

Moreover, the recording proficiencies, restrictions of the used device, and the factors 
affecting the recorded signals should be highlighted to understand how the neuronal sig-
nal is transduced to the final output [71][14] [27]. For instance, the magnitude of mem-
brane voltages, polarity, and the position the neuronal cell with respect to the location of 
the microelectrodes have strong effect on the dissimilarities of the amplitude and the 
shapes of the recorded extracellular signal [14][15][29]. In order to investigate and ma-
nipulate the neuronal networks and individual neurons, CMOS (complementary metal 
oxide semiconductor) high-density microelectrode arrays (HD-MEAs) are being utilized 
for high spatiotemporal resolution [86][87][88][77];HD-MEAs may consist of over 10,000 
electrodes [89][90][77][6][87][70]. The quality of electrical stimulation and recording with 
MEAs depends on the electrical coupling coefficient between the neurons and microe-
lectrodes, and SNR remained low [70]. In [53], action potential propagation and in vitro 
recording by various types of MEAs is discussed deeply. 
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Various design of MEAs have been fabricated consisting of either metallic and nonmet-
allic components to be used as neuronal interfaces [1] (Figures 6 and 7). Recently, It has 
been shown that the structure, surface modifications, surface chemistry, and the biotech-
nology can improve the performance of the MEAs noticeably [1]. Commercially available  
MEAs have been constructed mainly of a glass plate or ‘‘chip’’ and an integrated array 

of microelectrodes, which have been photoetched, insulated from each other, and coated 
with conductive materials [4] to improve electrode impedance beyond that achieved by 
the electrode base conductor material alone. One of the crucial issues in designing MEAs 
is selecting the materials for the insulator, conductor, and electrode and the selected 
materials should be tested for the toxicity and biocompatibility for extended periods of 
time [1], alike for implants [91]. For fabricating microelectrodes, many materials such as 
gold, stainless steel, platinum, stainless steel, tungsten, iridium oxide and titanium nitride 
have been employed [92][1].  
MEA technology allows platform for simplified model of the neuronal network in the order 
of a single cortical column rather than a comprehensive brain [1]. Before the any biolog-
ical experiments, the type of MEA should be considered [86]. For instance, if a MEA is 
employed for the stimulation, the charge capacity of the electrodes is a vital aspect and 
the electrodes should be able to facilitate the reactions in the interface of the electrode-
medium in order to tolerate the ionic flow in the medium towards the targeted cells [93]. 
 

2.7.1 Planar MEA 
Typical planar MEA electrodes are made of nontoxic and high corrosion resistance metal 
and their electrode diameters range from 10 to 30 µm implemented on grid of 0.2-2 𝑚𝑚2 
[4][1]. As the size of neuronal cells is of the order of micrometers or tens of micrometers 
in diameter, the mostly used fabrication method for the MEAs is microfabrication. During 
the last 45 years several microfabricated planar MEAs have been reported for extracel-
lular recordings and stimulation [94][95][96]. 
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 (A) Planar microelectrode recoding neuronal activity. (A)  Extracellular micro-electrodes at a distance from the active neurons record the action potentials propa-gating along the axon. The effect of the volume conductor on the extracellular field potential can be seen in this panel. The potential near the microelectrodes can be as-sessed utilizing volume conductor theory. (B) Scanning electron micrograph of a neuron on a planar MEA. (C) A typical signal recorded from a microelectrode exhibit-ing spiking activity. The red line illustrates the threshold for detecting spikes (Adapted from [97][6][71]). 
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Generally, these type of microelectrodes include an integrated cell culture dish and are 
utilized, for example, to understand neuronal activity and the plasticity of the networks 
[6]. For isolating the microelectrodes from each other as well as cell culture medium, 
organic or non-organic materials such as silicon oxide, silicon nitride, polyamide, or 
epoxy resin have been used [6]. Based on the application and goal of the measurements, 
MEAs with different numbers, sizes, and arrangements of microelectrodes can be used 
[4]. Leads of microelectrodes are, for example, embedded on glass wafer substrate in 
order to see the cultured cells using light microscopy [1].Each microelectrode is con-
nected to contact pad at the border of the chip with a thin conductor lead, and via the 
contact pad to an external amplifier in order to transmit the signals to an amplifier and 
analog-to-digital converter, and thereafter to a computer for further processing, e.g., fil-
tering, signal detection, sorting, and other possible analysis [4]. Moreover, the instrumen-
tation systems are also used in the multichannel analog and digital signal processors 
due to the multiple electrodes[6]. 
Usually, before plating the cells on the MEAs, the glass substrate is coated with the 
common substances such as polylysine, laminin, and collagen in order to escalate the 
sealing resistance between the glass and culture medium and improve the cell attach-
ment and growth [6][1]. Sealing resistance is noteworthy in the stimulation of the neu-
ronal culture as it decrases the stimulation threshold [98]. This glass substrate contains 
1 to 100 microelectrode sites which are implemented in 100 µm distance per each other 
[1]. Monolayer of cells can grow on the top of the planar MEA and later, they can be 
removed from the chip for reusing the MEA several times in future by applying special 
maintenance [4]. 
Important information regarding the neuronal networks’ structure and function can be 

acquired by MEA technique by revealing the spatiotemporal aspects of the electrical ac-
tivity of the neurons [4]. For instance, rate of the action potentials (spike rate), rate of 
groups of intense spiking (burst rate), burst duration, interspike and interburst intervals 
and the number of spikes in each burst can be assessed from the neuronal MEA 
[4].Mentioned parameters can provide information regarding the drug and chemical in-
fluences on synchronicity, consistency of oscillation, network connections, and  burst 
structure [4]. Synchronicity and oscillation of the electrical activity of a neuronal network 
are also important characteristic phenomena, and the effect of the substances on these 
phenomenon is a subject of numerous studies [4]. 
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2.7.2 Pillar 3D MEA 
In the recent years, dissociated neuronal cultures have become widespread in the phys-
iological research owing to their high performance in electrical recording, stimulation, 
imaging, and pharmacological manipulation compared to the in vivo models [99]. 3D pil-
lar MEAs [94] have been utilized in the neuronal recording and stimulation due to the 
insufficiency of the planar MEAs in recording or stimulating 3D cell constructs such as 
tissue slices or 3D dissociated cultures. This limitation happens due to the reduction of 
the electrical signals from the neurons as the distance between the cell and microelec-
trode is large when measuring 3D cultures with 2D MEA [94], unless cell density is suf-
ficiently high. Pyramid-shaped 3D MEAs can penetrate better to the neuronal cultures 
and tissue slices which leads to the high amplitude and SNR in the recorded signals 
[84][100]. Also straight pillar electrodes have been proposed [101]. For example, the 
height and diameter of the 3D pillars can be 80 µm and 14 µm, respectively, allowing for 
the high aspect ratio of 5.7 for the mechanical solidity [101]. Mechanical stability is nec-
essary to sustain the exposure of the pillars to, e.g., a biogel and the cell culture medium, 
and to maintain the interactions between the pillars and the cells [101]. 
 

  
 Illustration of a 3D MEA with straight pillar electrodes. (a) Fabrication of con-ductive polymer 3D pillars by utilizing titanium/Au-coated microscope slides for photo-lithographic patterning of each single electrode, onto which conductive polymer is direct write printed. (b) printed 3D MEA.(Adapted from [101] with permission from RightsLink). 

Beside the three-dimensional microelectrodes provide a larger surface contact to the 
medium compared to the planar 2D MEAs [96].Moreover, recorded voltage is the spa-
tially averaged voltage of the extracellular medium surrounding the microelectrode [19]. 
In the recent research, it has be demonstrated that by applying some specific conductive 
polymer the electrochemical behavior and electrical performances of the 3D pillars are 
enhanced noticeably [101][102][103] (Figure 7). 

a 
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2.7.3 Medium-electrode coupling 
Although MEAs are usually used for recording the electrical signal, they can turn out to 
be to a part of the extracellular medium during the neuronal growth phase [6]. After a few 
days to weeks that the neurons are cultured on the MEA, new developed condition inside 
the dish can have an influence on the recording performance of the microelectrodes [6]. 
For instance, growth of neuronal somata, which includes extension of axons, develop-
ment on the surfaces which have tight coupling to the rough and adhesive surfaces 
[6][104]. On the other hand, growth of supporting astroglia in the cultures can insulate 
neurons from the microelectrodes or can couple them tightly [105]. The first model for 
the interface between microelectrodes and neurons was proposed by Robinson in 1968 
[106]. This model has been modified later for substrate integrated MEAs in order to com-
pare the electrodes with field effective transistor-based devices in the simulations by 
Grattarola and Martinoia in 1993 [107]. The point contact model, which assumes a tight 
seal between the neuron and microelectrode, was proposed in 1997 by Weis and From-
herz [108]. However, in the real situation, that tight contact between the neurons and 
extracellular planar electrodes does not exist and microelectrodes sometimes record 
electrical field potential changes from neurons that do not have tight seals with and are 
located far from the microelectrodes, as observed in acute tissue and in vivo experiments 
[1][109].  

 
 Medium-electrode interface for a planar microelectrode. Voltage source 𝑉𝑒, which is the average of the surrounding extracellular potential resulting from neuronal activity, is transformed by the electrode-medium impedance called effective electrode impedance 𝑍𝑒′ and the effective input impedance of the amplifiers 𝑍𝑎′and final meas-ured voltage is 𝑉𝑟𝑒𝑐. In this model, 𝑅𝑠𝑝𝑟𝑒𝑎𝑑 is the spreading resistance inside the me-dium, 𝑅𝑒𝑎𝑛𝑑 𝐶𝑒are the resistance and capacitance of the double electric layer at the medium-microelectrode interface, 𝑅𝑠𝑎𝑛𝑑 𝐶𝑠are the shunt resistance and capacitance, and 𝑅𝑚is the resistance of the microelectrode (Adapted from [71]).  
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Figure 8 depicts the generalized model of the interface through which a microelectrode 
can record the average voltage inside the extracellular medium based on the volume 
conductor theory, and models also how the detected voltage is influenced by the char-
acteristic of the interface [71][106][110][27][111].The extracellular space is considered 
as homogenous, isotropic, resistive medium with respect to the volume conductive the-
ory, Kirchhoff’s current law or based on the Ohm’s law and charge conservation [27][71]. 
Moreover, recorded signals from various locations of the active neurons show differ-
ences in the waveforms due to the source contributions biased contrariwise proportional 
to their distances [27] (Figure 6A). For a single point current source, equation 10 can be 
rewritten based on the Maxwell’s equations of electromagnetism with respect to the La-

place boundary condition, which holds for the voltage at the microelectrode (𝑉𝑒) [27] 
[71][112][113].  
𝑉𝑒 =

𝐼

4𝜋𝜎𝑟
                                                               (15) 

In this equation 𝐼 is the source point current, 𝑟 is the distance between the microelectrode 
and point source, and σ is the conductivity of the extracellular medium. Since the mem-
brane currents are distributed over the cable-like morphology of the neurons, method of 
the mages is applied to the equation (15) to obtain the 𝑉𝑒 at each microelectrode (equa-
tion 6)[71][114].  
𝑉𝑒 =

𝐼

2𝜋𝜎
𝛴

𝐼𝑛

𝑟𝑛
                                                                 (16) 

In this equation, 𝑛 = 1 … 𝑁, is the number of each point source, 𝐼𝑛 is each point current 
source, and 𝑟𝑛 is the distances between the each point source and the microelectrode 
[71]. 𝑉𝑒 is obtained at different locations of the microelectrode and then averaged. Con-
sequently, if the electrode surface area is larger, the averaging effect is higher at each 
microelectrode [115].  
Figure 8 depicts the electrical circuit model for the medium-microelectrode interface 
which is adapted from [106][111][116][117]. The potential from the source comes cross 
the spread resistance inside the extracellular medium until reaching the microelectrode 
( Rspread), which depends on the conductivity of the medium (σ) and geometry of the 
microelectrode [71]. Another important element of the effective electrode impedance are 
the Reand Ce which represent the resistance and capacitance of existed double electrical 
layer at the interface of the medium-microelectrode. In this model, the effective input  
impedance is the input impedance of the amplifier and shunting paths to ground, is im-
plemented in series to the effective electrode impedance [71].  
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Based on the conductive volume theory, the spread resistance, anisotropy, and inhomo-
geneity of the extracellular medium have effect on the signal’s amplitude and shape 
which reaches the microelectrode surface [71]. Consequently, the distance between the 
neuron and microelectrode and the orientation of the neuron influence the signal rec-
orded by MEA [86]. Another factor which is affecting the recorded signal is the geometry 
of the microelectrode, which causes various interactions and couplings between the elec-
trode and extracellular media [6]. Larger effective surface area of an electrode reduces 
the impedance at the medium-microelectrode interface and consequently higher ampli-
tude spikes are recorded [70][1]. For instance, conical and pillar 3D electrodes have 
larger surface areas than planar microelectrodes used in general in vitro neuronal stud-
ies. Studies have also showed that neurons can grow directly on 3D microelectrodes and 
achieve tight physical coupling and sealing, which leads to low impedance and increase 
in the amplitude of the recorded neuronal signals [6]. Besides, the electrodes with larger 
surface areas have higher chances to get closer to the neurons and detect signals from 
more neurons in a brain slice or in a 3D cell culture [118][119][120][121]. However, the 
fact that the microelectrodes record the averaged spatial voltage inside the extracellular 
medium, leads to a decrease in the amplitude of the recorded signals as the microelec-
trodes surface area increases [19][71].    
 
  



21  
3. FEM SIMULATION AND METHODS 

FEM is one of the promising methods owing to the implementation of physical compo-
nents as well as defining extracellular space which are significant for the neural record-
ings [20].COMSOL Multiphysics® version 5.5 was utilized to perform the simulations in 
this work. This software is based on the piecewise approximation of the FEM and the 
domains are divided into the finite sum of elements. Furthermore, the functions are ap-
plied to these elements by polynomials and the boundary conditions are approximated 
locally at the edge of the elements and globally along the field boundary [61]. This sim-
ulation is started with defining the F-N equations for modeling the AP propagation along 
the axon with utilizing partial differential equation (PDE). Moreover, for simulating the 3D 
extracellular environment, AC/DC module’s ‘‘Electric Currents, Electrostatics’’ compo-
nents were employed. It should be highlighted that these simulations computed by time-
dependent solver.     

3.1 Fitzhugh-Nagumo Model of action potential 
The numerical simulation of the action potential propagation in an axon is carried out by 
F-N model which is a second-order polynomial nonlinear differential equation [122][61]. 
Equations (13) and (14) are rewritten based on  the allocated parameters ( b= 0.7, c= 
0.8,𝛆 =0.08) mentioned in [65] (equation (17),(18)).  
𝑑𝑉𝑚

𝑑𝑡
= 𝑉𝑚 − 𝑉𝑚

3/3 − 𝑊                                                                                      (17) 
𝑑𝑊

𝑑𝑡
= 0.08(𝑉𝑚 + 0.7 − 0.8𝑊)                                                                                                    (18) 

This part of the simulation was divided into two parts, in first ne, simulation of F-N model 
using COMSOL Multiphysics software, and in section two, MATLAB software was re-
cruited for the F-N axonal action potential model. The F-N equations (17)(18) are solved 
in the coefficient form PDE interfaces of COMSOL Multiphysics, found under the Math-
ematics physics, which contains many well-known PDEs [123]. Many PDEs initiating 
from physics interfaces and other fields can be studied into a general form comprising 
derivatives up to second order in both time and space without mixed derivatives 
[123].The subdomain equation which COMSOL utilized in a coefficient form PDE with 
one dependent variable u is:  
𝑒𝑎

𝜕2𝑢

𝜕𝑡2 + 𝑑𝑎
𝜕𝑢

𝜕𝑡
+ 𝛻. (−𝑐𝛻𝑢 − 𝑎𝑢 + 𝛾) + 𝛽. 𝛻𝑢 + 𝑎𝑢 = 𝑓                                                   (19) 
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This PDE formulation can solve a variety of problems [123]. In equation (19) 𝑒𝑎is the 
mass coefficient, 𝑑𝑎is a damping coefficient or mass coefficient, c is the diffusion coeffi-
cient, 𝛽 is the convection coefficient, 𝛾 is conservative flux source, and f is the source 
term. Parameters of the F-N model are arranged in the software based on the equation 
(19). In this case,  𝑒𝑎 and  𝑑𝑎 are set to 0 and 1 respectively. Besides, the diffusion 
coefficient is taken to 1, and the right-hand side of the equation (17)(18) as the source 
term f.  
The geometry of the axon is taken as a 3D cylinder with a scaled radius due to numerical 
limitation in the F-N modeling in COMSOL (Figure 9). The original diameter of axon is 20 
µm [21], but in the simulation it is scaled up to 0.4 m. 

 
                                          Geometrical model of the axon used in the simulation. 
This simulation was done with time dependent solver and the initial values of the varia-
bles were 𝑉𝑚 = −1.2  𝑉, 𝜔 = −0.62. The Neumann boundary condition (equation (20)) 
was defined to zero flux at the boundaries of the axon except at one end of the axon, 
which was selected as the starting point for the stimulus, by setting the left hand side of 
the equation (20) to zero [123].  
−𝑛. (−𝑐𝛻𝑢 − 𝑎𝑢 + 𝛾) = 𝑔 − 𝑞𝑢                                                                            (20) 
In this equation u is the dependent variable, .In this work, the required excitation stimulus 
for action potential was defined by giving rectangular pulse (a combination of COMSOL’s 

rectangle and analytic functions) at one end of axon , 𝑔 (Boundary flux) was set to the 
stimulus pulse, and  𝑞 which is the boundary absorption was set to zero  in the Neuman 
equation (20). It should be highlighted that the propagation of the action potential was 
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along the z-axis (Figure 9). Moreover, feasibility of the F-N model in the axon with original 
size was analysed by allocating various amplitudes to the stimulus.  
For the defining the surrounding environment of the axon, a solid block with physical 
properties of NaCl was utilized for modelling the extracellular medium surrounding the 
axon (Figure 10). The conductivity and relative permittivity of the extracellular medium 
were taken as 3 S/m and 80 respectively. The conductivity and relative permittivity of the 
extracellular medium were taken as 3 S/m and 80 respectively [98][124][110] . Besides, 
the resistance per unit and the relative permittivity were set to the 0.2 MΩm and 6, re-
spectively [125].  

 
 Geometrical model of the axon and extracellular medium. 

 
Electrostatic physic was utilized for coupling the axon and external domain (NaCl) and 
computing the potential distribution around in the solution. This physics solves differential 
form of Gauss’s law for the electric field, by using V (electrical potential of the solution) 
as the dependent variable (Equation (21)(22))[123]. In these equations, ∇ · E is the di-
vergence of the electric field, ∈0 is the electric constant, ∈𝑟 is the relative permittivity of 
the material and 𝜌𝑉 is the total electric charge density. Electrical potential source of this 
physic is set to the boundaries of the axon inside the medium (V = 𝑉𝑚) and zero charge 
boundary condition was applied to all the external boundaries of the extracellular me-
dium. 
𝐸 =  −∇V                                                                                                                       (21) 
∇. (∈0∈𝑟 𝐸) = 𝜌𝑉                                                                                                            (22) 
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Due to some low-quality elements, triangular mesh with minimum 0.135 m element size 
was used in the axon and the rest of the geometry was meshed with coarser elements. 
The total number of elements of this simulation was 18639 with11228 degrees of free-
dom. 
As it mentioned before, this simulation can be implemented in the MATLAB software by 
writing the equations (17) and (28) of F-N model and applying the system parameters, 
excitability value, and initial values, the action potential can be acquired on the axon.  

3.2 Simulation of multi electrode arrays  
In order to have a realistic FEM model for recorded voltages by microelectrodes with 
different geometries and properties from a neuronal axon, a MEA was simulated.  

 
 Schematic illustration of a 60-electrode MEA layout of a (model 60MEA200/30iR-Ti, Multi-Channel Systems MCS GmbH) from[126]. 

 
The procedure computes the potential field generated by the F-N model of the axon. In 
this study, planar and 3D MEA models were built in the COMSOL Multiphysics software 
utilizing coefficients from PDEs and Electric Current physics in AC/DC modules by time-
dependent solver. The electric current physics interface can compute the electrical field, 
current, and potential distribution in conducting media [123]. Moreover, in this physics 
current conservation equations are solved based on the Ohm’s law by defining the elec-

trical potential as dependent variable [123].    
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3.2.1 Planar MEA 
 
The simulation model of the single axon described in section 3.1 was simulated inside 
MEA culture dish (MEA model: 60MEA 200/30iR-Ti, Multi-Channel Systems MCS GmbH 
(MCS), Reutlingen, Germany) ) [18]. The base material of the simulated MEA dish is 
glass, and the electrode and insulator materials are titanium nitride and silicon nitride, 
respectively. 

 
 Geometry of the simulated planar MEA and cell culture medium.Close view of the single planar microelectrode demonstrated inside the box. 

 
The MEA-medium system was scaled up with the same factor as the neuronal axon was 
scaled. The medium was considered to be phosphate buffered saline solution [18]. Be-
sides, solution selection can have effect on the magnitudes of the results, however, the 
qualitative outcomes and conclusions would not change noticeably [18].   
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Figure 13. The Geometry of the simulated axon coupled to the MEA. 

 
For numerical modeling of the coupling between the axon and the MEA, the Maxwell’s 

equations were used in this simulation. These equations are represented in the differen-
tial form of the Gauss’s law for the distribution of the electric charge and electrical field 
in the medium[123]. The utilized physics solves the equations based on the Ohm’s law 

using the electrical potential as dependent variable.  
Gauss’s law for electric charge distribution: 
 ∇. J= 𝑄𝑗,𝑣                                                                                                                      (23) 
Ohm’s law: 
𝐽 =  𝜎𝐸 +

𝜕𝐷

𝜕𝑡
+ 𝐽𝑒                                                                                                            (24) 

Dielectric model for macroscopic properties of the model: 
𝐷 =∈0∈𝑟 𝐸                                                                                                                   (25) 
In these equations, 𝐽 is total current flux, 𝑗𝑒 is the externally generated current density, Q 
is the total charge enclosed within the V, 𝜎 is the electrical conductivity of the material, 
and D is the electric displacement. Based on the Gauss’s law for electrical field and 
Ohm’s law, electrical potential distribution in each domain of the system was calculated 
by the COMSOL software.  
Electrical insulation boundary condition is defined for the trough and the bottom of the 
trough (Figure 14): 
𝑛. 𝐽 = 0                                                                                                                          (26) 



27  
and the initial value of electrical potential in saline medium was set to 𝑉0 = 0. Table 2 lists the used materials and their properties for each simulated domain.  Table 1. Defined materials for each component of the simulation and related physical properties. 
 

Component Material Relative permittivity Electrical conductivity(S/m) 
Electrodes Titanium 6.1589 182·104 

Medium NaCl 80 0.3 

Axon - 6 1.025·10-4 

 

  Figure 14. Boundary conditions in different component of the system. Gray color shows the insulation condition and the blue components are defined by distrib-uted impedance condition. 
In order to apply the electrical field inside the extracellular medium due to AP propagation 
along the axon Distributed surface impedance condition defined around the axon’s 

boundary[23]: 
 𝑛. 𝐽 = (

1

𝜌𝑠
+ 𝑐𝑠

𝜕

𝜕𝑡
)(𝑉 − 𝑉𝑟𝑒𝑓)                                                                                        (27) 

Where 𝑉𝑟𝑒𝑓 is the membrane voltage (𝑉𝑚), surface resistance (𝜌𝑠) is 1000 (Ω.𝑐𝑚2), and 
the surface capacitance (𝑐𝑠) is 1e-6 (𝐹

𝑐𝑚2⁄ ). 
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The final step in defining the boundary conditions is implementing the double electrical 
layer of the electrode-medium interface (Figure 15). For this issue, distributed surface 
impedance in the boundaries of the electrode- medium is defined (equation 14).  𝑉𝑟𝑒𝑓 
was set to V (potential inside the medium), surface resistance and capacitance were set 
to 10−8 Ω.𝑐𝑚2 and 0 𝐹

𝑐𝑚2⁄  for analyzing the ideal condition. However, for assessing the 
realistic condition, surface resistance 𝑅 and capacitance 𝐶 were selected to 462.6 Ω.𝑚2 
and 2.59·105  𝑛𝐹

𝑚2⁄ , respectively based on the scaling factors in equations (28) and 
(29) [18]. 
𝑅 = 𝜌

𝐿

𝐴
                                                                                                                      (28) 

𝐶 = 𝜀
𝐴

𝑑
                                                                                                                     (29) 

In these equations, 𝜌 is the electrical resistivity of the material, 𝐿 is the length of the 
conductor, 𝐴 is the surface area of the conductor, 𝜀 is the electric constant, 𝑑 is the sep-
aration between the capacitor plates. 

 
  Electrical model of the electrode-medium coupling. 𝑅𝑠 is the medium re-sistance, 𝑍𝐸𝑙𝑒𝑐 is the complex impedance of the electrode-medium coupling, and 𝑍 is the distributed impedance on the surface of the axon (Adopted from [127]). 

 
FEM, free triangular mesh was utilized for the axon simulation with the minimum element 
size of 13.5·10-2 m and free tetrahedral mesh was used for the rest of the system with 
25·10-2 m minimum element size.  
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Figure 16. Element quality histogram of the discretized model. 

 
Utilized meshes discretized the simulated system to 121508 elements with minimum el-
ement quality of 0.145 m and 121800.0 𝑚3 mesh volume (Figure 17). For decreasing the 
run time of the simulation, coefficient form PDE and Electric current physics were solved 
in two different time-dependent solvers and the total runtime was 30 minutes. 

 
 Mesh model of the axon coupled to the MEA and medium. 
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3.2.2 Multiple axon in the MEA 
One of the objectives of this study was to analyze recorded voltages from multiple axons 
in the medium. For this, two axons in different position were simulated (Figure 18) with 
the same F-N coefficient form PDEs but with various model input stimulation times. 

 
 Model of the multiple axon inside the neurochip. 

3.2.3 3D MEA 
 
The FEM model of the 3D MEAs with pillar electrode included the same complex imped-
ance in the interface of the medium-microelectrode interface as the planar MEA model. 
The geometry effects of the microelectrodes on the recorded signals from axons were 
simulate with the same materials and medium as the planar MEAs and considering ideal 
interface between the 3D electrodes and the medium.  

 
 Interfacing neuron-laden medium with 3D MEA electrodes (Adapted from [101] . 
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Consequently, 6×6 array of 3D titanium  pillar electrodes were considered with height 
and diameter of 100 and 15 µm, respectively (Figure 20)[101]. Furthermore, an axon was 
placed in the phosphate buffered NaCl solution (medium) at various distances from the 
microelectrodes. In this work, the pillars electrodes were modelled as scaled cylinders 
with the same scaling factor as used for the planar MEA simulations. Also, conductive 
polymer pillars (CP pillars) with multiple axons was studied. 

 
 Geometry of the  simulated 3D pillar electrode MEA and an axon. 

 
The same boundary conditions as for the planar MEA simulations were defined in this 
system and free tetrahedral mesh was used for the system with 25e-2 m minimum ele-
ment size. The system discretized to 89641 elements with average element quality 
(skewness) of 0.619 (Figure 21). As the size of the pillars are small, finer mesh was 
defined in pillars and figure 21 demonstrates the low skewness for the pillars. The lower 
skewness can increases the accuracy of the simulation[128]. The simulation run time 
was 25 minutes. 
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  Closeup view of the FEM model. Element color denotes the element quality based on skewness. 
 



33  
4. SIMULATION RESULTS  

4.1 F-N model of action potential 
4.1.1 3D simulation 
 
Figure 22 depicts typical neuronal action potential gained from the specific point along 
the axon concerning spatial and temporal dynamics.The membrane voltage 
demonstrated a depolarization from the resting voltage (Which defined as -1.2 V in this 
simulation) to the peak and repolarized back to the equilibrium value (-1.2 V). Figure 23 
visualize the probe plot in three different domain point probes along the axon. Each probe 
was implemented in a 10-meter distance from each other along with the propagation of 
the AP. Consequently, the speed of the propagating AP was obtained based on the 
equation (17).This result complies with the speed of real neuron AP without myelin 
sheaths (approximately 0.5–2.0 𝑚 𝑠⁄ )[129]. 
𝑉 =

𝑥

𝑡
= 0.789 𝑚

𝑠⁄                                                                                                       (30) 
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 Simulated AP pulse on the membrane of the axon. 

 
Figure 24 illustrates the electrical field around the activated axon in the extracellular do-
main, which was simulated by utilizing electrostatic physics. The arrow surface plot 
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shows the vector quantity and voltage distribution in the medium. Figure 25 is the series 
of the plots obtained at different times and visualizes AP propagation along the simulated 
axon on the left side and the field potentials on the right.  
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 Detected AP at three different points along the axon as the AP propagated thought the axon. 

 
 2D plot of the axon and the electrical field in the extracellular medium due to AP propagation. 
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 AP propagation in an axon (left column) and extracellular field potential (right column) at different times. 
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Figure 25 shows how the voltage of the extracellular which coupled to the activated axon 
(left column) has been changed by propagating the pulse along the axon at different 
times. In order to show the feasibility of the F-N model in the axon with the  natural size, 
multiple stimuli with various amplitudes were applied to the axon. figure 26, illustrates 
the effect of the stimulus’s amplitude on the formation of the action potential in the axon 
with the original size. The stimulus with the highest amplitude (1 V) showed a quick de-
polarizing, however, repolarizing and hyperpolarizing durations lasted same time as the 
axon with scaled size. Other stimuli caused slow polarization in all the phases except 
stimulus with 0.01 (V), which was lower than the excitation threshold of the membrane 
and the action potential no longer formed. 

0 10 20 30 40 50-3
-2
-1
0
1
2
3
4
5

Volt
age

 (V)

Time (s)

 Membrane voltage, stimulus's amplitude 1 (V)  Membrane voltage, stimulus's amplitude 0.1 (V)  Membrane voltage, stimulus's amplitude 0.04 (V) Membrane voltage, stimulus's amplitude 0.03 (V)  Membrane voltage, stimulus's amplitude 0.01 (V) 

 
 Membrane voltages based on the amplitude of the applied stimuli. 
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4.2 2D F-N simulation  
For comparison, MATLAB software was employed to build the F-N model based on the 
same parameters and initial values that were utilized in the COMSOL simulation. Figure 
27 demonstrates a series of simulated AP waveforms on the axon. This figure shows 
approximately the same waveform, amplitude, and the duration of the AP as given by 
the simulated F-N model in COMSOL. 
 

 
 Series of action potential on the axon simulated by MATLAB. 
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4.3 Neurons coupled to planar MEA 
In this part, the action potential of the axon which has been recorded by planar MEAs is 
demonstrated. Figure 28 depicts the voltage distribution inside the extracellular medium 
by a multislice plot. A 2D view of the model has been demonstrated in figure 29 (a). Axon 
has been placed at 2.5-meter vertical distance towards the microelectrodes. The red part 
of the membrane illustrates the deporarizing phase of the AP and folowing that the 
repolarizing phase was shown with the blue color. This figure shows that voltage of the 
extracellular medium decreased by increasing the distance from the AP. This happened 
due to the defined electrical conductivity inside the medium.In Figure 29 (b), membrane 
potential and recorded signal in one of the microelectrodes have been illustrated. Figure 
29 (b) demonstrate that the maximum recorded value of the AP is around 1 V. Figure 29 
(a) has two scale for the membrane voltage and solution potential. This figure also 
illustrates that the voltage distribution at the selected microelectrode is around 1 V.  
 

 
 Simulated planar MEA coupled to the axon and the extracellular field poten-tial caused by an AP. 

 

V 
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 (a) Y-X cut plane view of the MEA dish with microelectrodes shown as small rectangles coupled to the axon and medium, and the electrical field potential gener-ated by an AP moving to the right. (b) The axon membrane potential and the rec-orded electrical potential in the extracellular medium due to an AP. 
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Figure 30 depicts the action potential propagation along the axon inside the solution 
coupled to the planar MEAs at different times. Figure 31a shows the initial potential and 
electric field inside the medium with the coupled reference electrodes marked red. In this 
figure the stimulus was applied to the left side of the axon and stimulus generated the 
AP. Figuser30 b, c, and d visualize the AP moving along the axon and the electrical field 
around the moving AP along with isopotential lines.   

 

 
 

 
 Z-Y view of field potential due to AP propagation along the axon simulated in different time points along with isopotential lines. In (a), the reference electrode is marked red. 

 

Time = 0 s Time = 15 s 

Time = 40 s Time = 100 s 

(a) (b) 

(c) (d) 
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Distance effect 
Figure 31 and 32 illustrates the influence of distance and direction from the axon to the 
microelectrode on the simulated AP waveform and amplitude. First, the axon was placed 
at different vertical distances from the electrode, and the results of each simulation are 
shown in Figure 31. This figure reveals that the axon, which is in the 0.05 meter vertical 
distance, detected a signal with the highest amplitude. Next, the horizontal distance ef-
fect of the axon toward the microelectrode was investigated in several simulations (Fig-
ure 32). The results in Figure 31 and 32 show that the amplitude of the detected APs is 
inversely proportional to the distance of the axon from the microelectrode. Increasing the 
distance in the horizontal direction shows higher amplitude reduction of the simulated 
AP compared to increasing the vertical distance. Due to a meshing problem in the sim-
ulation and low-quality discretized elements, the voltage recorded at 0.05 m vertical dis-
tance is distorted (Figure 31). 
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 Effects of vertical distance from the axon to a planar microelectrode.  
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 Effects of distance from the axon to a planar microelectrode. The horizontal distance effects on the simulated AP recorded at the microelectrode 

 

4.3.1 Multiple axon 
 
Figure 33 visualizes the MEA dish in which two axons in different vertical distances from 
marked microelectrode implemented. First, Axon 1 from the left side was activated by 
applying the stimulus. This neuron was implemented in 2.5-meter vertical distance from 
the bottom of the MEA. Subsequently, the upper axon was stimulated with 25 seconds 
delay from the first stimulation and 2.5-meter vertical distance from axon 1. Figure 33 is 
the Z-Y view from the bottom of the MEA. The AP of the axon 1 (the closest neuron to 
MEA) demonstrated with higher voltage value compared to the axon 2. The final obtained 
signals from both axons by various selected microelectrodes were illustrated in figure 34. 
Although all the marked electrodes were in the same distance towards the axon1, the 
signals measured via the electrodes A and C exhibited reduction in the first recorded 
action potential. This issue happened due to the interference by the effects of the mem-
brane voltage of axon 2, which was placed at a close distance from the observed elec-
trodes.  
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 Z-Y view of the two-axon system coupled to MEA. 

 
 
 

Time = 90 (s) 

Time = 27 (s) 
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Figure 34. Simulated measured signals of two axons by different planar microelec-trodes. These plots illustrate the recorded signals by corresponding electrodes seen in Figure 32. 

 
The distance effect of the axon on the recorded voltage can be seen in the second de-
tected AP in electrodes A and C. As the initial voltages of the medium and electrodes 
were set to the 0 V and -1.2 V for both axons, a downstroke in the recorded voltage was 
observed during the 25-5 seconds (Figure 34). Figure 35 shows the recorded voltage by 
single microelectrode (A) and the corresponding membrane voltages. Moreover, Figure 
35 show that the hyperpolarization phase of first AP was reduced due to the second AP. 
Figure 34 depicts that how other active axons can result in quite complex compound 
waveforms.   
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 Signal recorded by the electrode A and the membrane voltages the the axon 1 and axon 2. 

 

4.4 3D MEA 
In this section, the simulation results of the 3D pillar microelectrodes coupled to the me-
dium and two axons are given (Figure 36). Figure 36 shows the potential distribution in 
the medium due to an AP with isocontours at the bottom of the MEA. Later, a comparison 
of the planar MEA and 3D MEA based on the geometry effect is analysed with a single 
microelectrode and surrounded with other microelectrodes (Figures 37 39). In the follow-
ing figures (41, 42), the distance effect of the neuron-electrode and the multiple axons 
inside the medium on the simulated measured signal are illustrated. 
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 Space view of the 3D MEAs coupled to axon-laden solution. 

4.4.1 Electrode geometry effect 
 
For comparing the planar and 3D pillar electrodes based on the geometry effect, the 
materials, electrode distance from the axon, and the contact impedance in the interface 
of the electrode and medium were set with the same values. The comparison was ac-
complished in two parts. In the first part, only one single 3D or planar microelectrode was 
simulated near the activated axon (Figure 37). Moreover, the influence of the planar mi-
croelectrodes surface area was investigated in this part.  
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 Extracellular electrical field around a single microelectrode due to an AP in an axon. (a) voltage distribution around the planar microelectrode, (b) voltage distri-bution around the 3D pillar microelectrode.   

(a) 

(b) 
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 Comparison of the simulated voltage recorded at a single 3D pillar and pla-nar microelectrodes of different surface areas, along with the membrane potential. 

Figure 38 reveals that the simulated recorded voltage by the planar electrode, which had 
a smaller surface area than the 3D pillar electrode, detected higher amplitude AP volt-
ages, due to less averaging than the 3D pillar microelectrodes. 3D pillar microelectrode 
recorded the signal with the lowest amplitude due to the bigger surface area and spatial 
averaging of the voltage distribution around the microelectrode. 
In the second part of the evaluation of geometry effects, 3D pillar and planar MEAs were 
analyzed with the same materials, distances from the axon, and distributed resistance 
value at the interfaces (Figure 39). Figure 40 reveals that the 3D pillar microelectrode 
recorded AP signals that were a lower in amplitude than the corresponding AP recording 
from the planar microelectrode. Larger surface area and spatial averaging of the 3D pillar 
microelectrode led to higher averaging from the voltage distribution around the electrode.  
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 Iso-surface plot of electrical field in the MEA due to AP in the axon. (a) 3D pillar MEA, (b) planar MEA. 

 

(a) 

(b) 



50  

0 50 100 150 200
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0

Vol
tag

e (V
)

Time (s)

 Measured voltage by planar MEA (axon distance from the electrode = 2.5 m) Membrane voltage in planar MEA Measured voltage by 3D MEA (axon distance from bottom and electrode = 2.5 m) Membrane volage in 3D MEA

 
Figure 40. Geometry effect of the microelectrodes on the recorded data from AP in an axon. Recorded signal by 3D pillar microelectrode in the MEA dish and the corresponding planar microelectrode recording along with the membrane volt-ages.  

4.4.2 Distance effect 
Figure 41 shows the effects on the simulated recorded signal of the distance from an 
axon to a 3D pillar microelectrode to various directions. This part was simulated the same 
way as the distance effect on the simulated recorded signal by planar microelectrode 
presented earlier. When analyzing the horizontal distance effect, first, the axon was 
placed at a 2.5-meter distance from the bottom and then at the same distance from the 
middle point along with the pillar’s height (electrode a). By increasing the distance in both 
directions, the reduction in the amplitude of the obtained signal was revealed. However, 
by comparing these two plots, the amplitude of the simulated recorded signal in the case 
where the axon was at the 2.5-meter distance from the tip, exhibited lower amplitude 
compared to the signal from the electrode in the second plot. This issue has happened 
due to the electrical conductivity of the pillars and distributed impedance in the interface 
of the microelectrode and medium. 
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  Distance effect of the axon from 3D MEA. Plot (a) depicts the effect of verti-cal distance from the axon to the electrodes and figure (b) shows the effect of hori-zontal distance on the obtained voltage by the microelectrode  

  

a) 

b) 



52  
4.4.3 Multiple axon 
  Figure 43 depicts the simulation model of a 3D MEA dish with pillar microelectrodes 
and two axons at different vertical distances from the bottom of the MEA dish, and the 
AP simulation results. The neuron from the left side was stimulated by applying the stim-
ulus which has been at 2.5-meter vertical distance from the bottom of the MEA. The 
upper axon was stimulated with a 20-second lag from the first axon stimulation and the 
axon 2 was place at 5-meter vertical distance from the bottom, as illustrated in Figure 
42. The simulated signals resulting from APs in both axons recorded by the different 
selected microelectrodes are illustrated in Figure 44. Although all the labeled electrodes 
were at the equal distance from the primary axon, the signal recorded via the electrodes 
A and C exhibit a lower amplitude of the first recorded action potential. This occurred 
due to the initial membrane potential of the second axon (-1.2 V) which is located near 
distance to the designated electrodes. The effect of the distance of the axon from the 
electrode on the detected voltage can be seen in the second recognized AP in electrode 
A and C (Figure 44). Figure 42 presents the recorded voltage by single microelectrode 
(A) and the corresponding action potential on the axon. As the initial voltages of the 
solution and microelectrodes were selected to the 0 V and -1.2 V for both axons, a down-
stroke in the recorded voltage has occurred at the beginning of the recording. 
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 A simulated recorded signal by the 3D pillar microelectrode A (Figure 42) and the corresponding membrane voltage in the axon 1 and axon 2. 
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  Figure 43. Two axons coupled to a 3D MEA with pillar electrodes, and the simu-lated electric field potentials due to the APs. The simulated recordings via the electrodes  A, B, C, and D are shown in Figure 43. 
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  The simulated recorded signals by the 3D pillar electrodes marked in Fig-ure 42 for the two-axon simulation. 
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5. DISCUSSIONS 

This work aimed at constructing a simulator to compare the standard 2D MEA and the 
newer 3D MEA by utilizing FEM modelling, as well as the factors influencing the final 
recorded signal. In the beginning, AP propagation along a single scaled axon was simu-
lated by employing the F-N equations in COMSOL. The simulated AP propagating along 
the 3D cylindrical axon exhibited the known dynamics of the APs such as initial depolar-
ization and repolarization (Figure 22)(Figure 3) [42][47].The speed of the AP was calcu-
lated based on the time difference between observing an AP at different locations on the 
axon (Figure 23). This speed showed an agreement with the signal speed in the unmy-
elinated axon, which is around 0.5-2.0 m/s [130]. To include the effects of the surround-
ing extracellular medium in this simulation, electrostatic physic was recruited. Figure 24 
depicts the gradient of the electrical field inside the NaCl solution based on Gauss’s law 

(equations (23), (24), and (25)). Figure 24 depicts the variation of voltage concerning the 
distance, charge density, and defined relative permittivity inside the solution as expected. 
Several stimuli with different amplitudes were applied to the axon with the natural size to 
assess the feasibility of the F-N model with the defined system parameters [65]. The high 
amplitude stimuli generated APs with the same amplitude and duration of the AP pulse 
as obtained in the scaled axon. However, the real duration and amplitude of the neuronal 
action potential is around 0.4 ms and 35 mV, respectively[131].Moreover, the lower stim-
ulus could not succeed to activate the axon (Figure 26).  These issues were due to that 
the F-N model is a simplified and dimensionless version of the H-H model, which focuses 
mostly on the dynamics of the AP on the unmyelinated giant squid axon[64][63]. An es-
sential part of work was confirming the F-N 3D simulation results by executing the F-N 
model in the MATLAB with the same parameters and the initial conditions as used in the 
3D model in COMSOL. The MATLAB results in Figure 27 are in quite good agreement 
with those given by the three-dimensional COMSOL model (Figure 22).  
In the next phase, a system consisting of a MEA and an axon with a propagating AP was 
simulated. Initially, for making the simulation more realistic and compatible with the F-N 
equation, all the elements and the electrical properties were scaled proportionally to their 
original values by considering equations (28) and (29). To be able to define electrical 
conductivities of the used materials and the appropriate boundary conditions in the me-
dium-electrode interface, electric current physics was used in COMSOL. In this physics, 
an electrical double layer was established by using distributed impedance (equation 27) 
and implementing the corresponding impedance and capacitance values represented in 
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Figure 15.  In Figure 29 is shown one of the main results of this work. This signal is the 
averaged voltage from the surrounding environment of the microelectrodes, obtained by 
placing the domain point probes at the 2D MEA with respect to the reference electrode. 
Recorded voltage has the same dynamic as the corresponding membrane voltage. Fig-
ure 29a reveals the sudden upstroke voltage change and following that, a depolarization 
in the membrane which changed the other coupled element’s voltage. Recorded pulse 
has a lower amplitude due to the distance between the axon and the electrode, the elec-
trical conductivity of the solution, the resistance of the electrode, and the impedance of 
the electrical double layer in the electrode-medium interface (which all these components 
called effective electrode impedance in [71](Figure 9)).  
One of the factors affecting the simulated recorded voltage that we examined with this 
model was the neuron-electrode distance. The results of these simulations showed 
agreement with the Ohm’s law and volume conductor theory inside the extracellular me-
dium [86](Figures 31,32,41,42).As the neuron-microelectrode distance increased (in 
both vertical and horizontal), the intensity of the recorded signal decreased. Based on 
Maxwell’s equations of electromagnetism inside the solution with respect to the Laplace 
boundary condition, recorded voltage have an inverse relation with neuron-medium dis-
tance [71][86] (equations (15), (16)).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Following these investigations, a simulation of the 3D MEA was implemented in COM-
SOL with pillar electrodes corresponded to those constructed in [101]. Comparative re-
sults between the planar and 3D pillar electrodes based on the geometry effect have 
been executed in two sections; (a) with single microelectrodes, and (b) microelectrodes 
in full MEA models. The reason that this part was studied in two sections was to focus 
on the geometry effect of the microelectrodes and neglect the other potential factors 
which can modify the signal. In the single microelectrode study, physical and electrical 
properties were considered the same for both types of microelectrodes. Figures 39 and 
37 demonstrated that how the 3D microelectrodes surrounded spatially with extracellular 
medium compared to the planar MEA. From both simulation cases (a) and (b) it was 
concluded that 3D electrodes with larger surface area than that of planar electrodes lead 
to reduction in the recorded signal (Figures 38 and 40). This is due to the direct relation-
ship between the bigger surface area and spatial averaging from the larger extracellular 
medium volume with wider variety of the voltages (equations (15) and (16)) as expected 
[71][19][70][1].  
Another topic that was studied in this work was implementing multiple axons in the vicin-
ity of microelectrodes. In Figures 34 and 44, it is seen that such cases can result in 
complex recorded compound AP waveforms. After analysing these two figures, it can be 
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understood that not only the geometry and neuron distance but also the number of sim-
ultaneously active nearby neurons can modify the shapes of the detected APs. This topic 
confirmed that how the population of the neurons can make the measurements more 
complicated to analysis and influence the specify and selectivity of the MEAs [9]. The 
aforementioned parameters are the critical issues in studying the brain mechanisms and 
assigning recorded spikes to their source neurons (called spike sorting)[1][132].  
In nutshell, the simplicity, predictive power, and acceptable computational power require-
ments make this 3D model suitable to study the extracellular medium and microelec-
trodes. Moreover, this model provided the freedom to change the biological and physical 
properties of the elements, allocate different materials and study their effects on the elec-
trical recordings from the neurons. Subsequently, these simulations can help in the opti-
mization of the microelectrodes [61].  
One of the primary limitations which has been experienced in this work was the extensive 
run-time of the simulation. This problem occurred due to using electric current physics 
and F-N simulation in the whole physical dimension of the system, combined with high-
quality elements in the meshing. Also, fine size meshes were employed in this work due 
to some low-quality elements in the meshes with coarser size. Furthermore, the defined 
physics was solved fully coupled in one study in COMSOL, which caused the runtime to 
exceed three days. To solve this problem, the COMSOL model was set up to solve the 
F-N equations and electric current physics in two separate studies in one simulation. 
Although finer-element meshes were defined in both 2D and 3D MEA simulations, the 
runtime decreased to 30-60 minutes. Another limitation that was faced in this simulation 
was the scaled-up geometry due to the F-N model. Moreover, the expanded surface area 
at the interface of the medium electrode decreases the impedance of a double electrical 
layer. Consequently, the effect of the double electrical layer at different electrode-me-
dium interfaces have not revealed big differences in the results.  
In future studies, the implementation of the H-H model can be considered to scale down 
the whole system to the real size and study the AP with the real duration and amplitude. 
Moreover, noise models and effective impedances can be studied in the frequency do-
main of the COMSOL.   
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6. SUMMARY 

One of the objectives of this work was to assess the performances of the MEAs with 
respect to differences in the recorded AP waveforms via the different electrodes by em-
ploying 3D FEM modeling. First, F-N equations were employed for simulating the travel-
ing AP along the scaled axon. Next, the F-N model for the AP propagation along the 
axon with the natural size was studied. The results confirmed the inapplicability of the F-
N model in the neuron with the natural size. Consequently, all the elements and the 
electrical properties were scaled up. AC/DC modules were utilized for modeling the ex-
tracellular medium coupled to the MEA. Appropriate electrical properties and boundary 
conditions were defined by employing electric current physics. A fine mesh was estab-
lished to the whole geometry; however, the runtime was kept noticeably low by utilizing 
separate solvers for the equations and physic. COMSOL solves the action potential at 
each discretized element of the system and electrodes measure the spatially averaged 
potential across all surrounding environment. Electrical double layer at the interface of 
the electrode-solution was assigned by using a distributed impedance boundary condi-
tion. The FEM models worked well to simulate APs recorded by microelectrodes. 2D and 
3D MEAs were compared by analyzing the influence of the geometry on the simulated 
detected signal. 3D MEA recorded the APs with lower amplitude due to the higher sur-
face area which leads to larger averaging. Furthermore, these 3D structures surrounded 
by the environment which has a wider range of voltage distribution. 
Further, another aim of this thesis was to study the environmental effect of the mentioned 
microelectrodes on the detected signals. First, several simulations were performed by 
changing the distance of the neurons from the electrode. The result of these analyses 
revealed a compatible agreement with the rewritten Maxwell equations for the electro-
magnetism. The biological factor in the environment was the multiple axons that were 
targeted for simulation. Recorded APs from multiple axons were investigated based on 
the simulated measured AP waveforms.  
To sum up, the results of these 3D models confirmed that the geometry of the electrodes, 
as well as the physical and biological environment, influence the final recorded voltage. 
Description of aforementioned models can provide a good toolset for designing the MEAs 
as well as predicting the detected signal based on the potential factors will advance the 
neurophysiological studies such as disease modelling, toxicity testing, drug testing, spike 
sorting. In future works, it would be interesting to study the more realistic 3D models 
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based on the Hodgkin-Huxley model via considering run-time, introducing more complex 
neuronal networks and noise models. 
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