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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

The microelectrode arrays (MEAs) have become a valuable tool in the study of electrophysiological analysis of in vitro electrogenic cells. 
Aerosol-Jet Printing (AJP) is an alternative to traditional fabrication technique. AJP allows the development of flexible and customized devices. 
Here we present a computational modelling method using Comsol Multiphysics, to enhance the design optimization of printed microelectrode 
array. The computational outcomes lead to the identification of the optimal microelectrode array design considering the main requirements of 
fabrication MEA and the intrinsic limitations of the Aerosol-jet printing technique.  
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Nomenclature 

MEA    MicroElectrode Array 
AJP      Aerosol Jet Printing 
Cm  membrane capacitance [F]  
iNa  Na+ ionic current [A] 
iK  K+ ionic current [A] 
iL  non-specific leakage current [A] 
gNa  Na+ ionic conductance [S] 
gK K+ ionic conductance [S] 
gL non-specific leakage conductance [S] 
is stimulus current amplitude [A] 
ton onset time [s]  
tdur duration of the stimulus [s] 
V transmembrane potential [V] 
VNa  reversal potential for Na+ membrane current [V] 
VK reversal potential for K membrane current [V] 

VL reversal potential non-specific leakage membrane      
current [V] 

𝐽𝐽          total current flux [A/m2] 

𝑒𝑒 externally generated current density [A/m2] 
𝜎𝜎  electrical conductivity of the material [Ω⋅m] 
Q total charge enclosed within the V [C] 
D electric displacement [C m2] 
∈0 vacuum permittivity [F/m] 
∈𝑟𝑟 relative permittivity 

1. Introduction 

Microelectrode arrays (MEAs) are widely used to study the 
electrophysiological activity of in vitro of cells. Such devices 
are composed of a grid of tightly spaced electrodes employed 
to record and stimulate the electrogenic cells. Furthermore, 
MEAs are a key component in several applications, from in 
vitro toxicity studies to implantable brain-machine interface. 
They are employed to acquire extracellular signals and affect 
the properties of the measured electrical signals significantly, 
including the shape of the waveforms. The recording of the 
action potential generated by the electrical potential of cells 
would help to identify the electrophysiological behaviour, e.g., 
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the analysis of neuronal action potential, and the configuration 
in designing bioelectric systems for the detection and 
assessment of cells and for the standardization and automation 
of tissue engineering processes. These developments are 
crucial for the evolution of automated cell and tissue handling 
and assessment in future bioreactors [1,2]. Nowadays, the 
microfabrication of common MEAs allow dimension of 10-100 
μm and metal material as electrode patches but are expensive 
concerning time and cost production. This leads to reuse and 
extending the lifetime of the microelectrode with a decrease in 
the quality of the recorded signals. Therefore, the need for an 
alternative production technique remains to overcome these 
limitations. Recently, printing techniques have been 
increasingly used in electronic devices, as a promising strategy 
to achieve customized and low-cost production. Aerosol Jet 
Printing (AJP) is a feasible technique that allows printing 
different inks on a wide range of substrates. Furthermore, small 
droplets dimensions and performance achievable allow 
printing object of micro dimension. The technique provides a 
selective deposition both on planar and 3D structures, without 
using masks or post-processing, and realizing specific surface 
features. Furthermore, printing technologies have enabled the 
evolution of printed and flexible electronics and the use of 
conductive polymers such as PEDOT-PSS, a polymeric 
material that has excellent properties in terms of conductivity, 
processability, and stability. For biomedical applications, it 
shows good biocompatibility and is used a coating for the 
metallic material to improve the signal-to-noise ratio (SNR) of 
the recorded signals and the increase of the surface area [3,4]. 
The use of computational modelling method for the design and 
analysis of bioelectronic devices enable efficient exploration of 
large parameter sets, e.g., geometrical setup and electrical and 
multiphysic parameters, where preclinical and clinical studies 
would not be feasible. The 3D finite element method (FEM) 
simulation can connect the model with the measurement 
environment, allowing the analysis of the recorded data 
regarding the geometry setup. Proper electrical characteristics 
of the MEA, cell culture medium, and cells, need to be 
employed to achieve proper conclusions to assess a realistic 
model of the device. To this end, FEM has been used to analyse 
cell–electrode connections affecting the electrical stimulation 
and recording of cells, cell growth, and cell–electrode 
interfaces in general. Such simulations provide predictions of 
measurement values but lead to some limitations due to the 
simplified model. To study various measurement arrangements 
about biological matter, new simulation methods, such as those 

proposed in this paper, are called for. The FEM simulation 
enables the analysis of different design setup to find the ideal 
result. In silico models are a valid tool to predict the behaviour 
of neuronal cell activity [5, 6, 7].  
In this paper, we propose the application of computational 
simulation methodology in terms of distribution of the 
electrical potential analysis of action potential of neuronal 
cells. The aim is to obtain an optimization of the design of 
printed microelectrode array that is intended to be fabricated 
with the AJP technique. The study includes the realization of a 
model to predict the microelectrode array performance through 
the evaluation of the electrode detection area and the ideal 
insulated layer thickness to avoid crosstalk of recording 
signals.  

2. Material and method  

2.1. Fabrication design 

The micro-electrode array (MEA) design involves the 
realization of an array of 4x4 electrodes of 50 𝜇𝜇𝑚𝑚 with a total 
distribution of the recording sensitive area of 1-2 mm2. 
According to the literature [2], the electrode dimension must be 
comparable to the cell dimension. While interelectrode 
distance has to be major to the cell dimension, considering the 
electrode geometry range and according to intrinsic AJP 
requirement, the inter-electrode distance is necessarily between 
200 to 300 𝜇𝜇𝑚𝑚. The fabrication process decision, in addition to 
the geometry set-up, is relevant for the computational model in 
terms of thickness of the different layer deposition and the main 
geometry parameters such as electrode dimension and 
interelectrode distance. In this work, as seen in Fig.1 and Fig.2 

Figure 1. Rendering of the process fabrication with Aerosol Jet Printing of the three steps. 

Figure 2. Rendering of the three layers of the microelectrode array. 1) 16 silver 
tracks for the conduction of the signal, 2) Insulating layer in Norland Optical 
Adhesive (NOA) and 3) 16 electrode patches in PEDOT-PSS. 
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the fabrication process of MEA, using Aerosol-Jet Printing 
(AJ300, Optomec, Albuquerque, NM, USA), is composed of 
three steps to realize the different layers geometries of the 
electrode array. The first layer of silver (Ag) is printed on the 
substrate, the silver has been chosen for the high conductive 
properties. The first layer has to deliver the signal to the 
electronic hardware. The passivation layer, as a coating to the 
silver track, is printed with an insulating layer, Norland Optical 
Adhesive (NOA). Besides having low conductivity, it is 
transparent and biocompatible material. Finally, since AJP 
technique allows to print conductive polymers, Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
PSS) has been chosen as a surface coating for the leaving 
opening at the end of the silver lines of the first layer and to 
realize the contact pads with conductive polymer to obtain an 
increased signal to noise ratio (SNR) and better 
biocompatibility and more surface area incrementation.  
 
2.2 Computational method 
 
Once MEA set-up has been designed and the printing process 
defined, it is necessary to carry out several simulations aimed 
at evaluating some project specifications that need to be 
improved, to obtain an enhanced fabrication process and an 
optimized design. The finite element method (FEM) models of 
the AJP microelectrodes, cells, and culture medium are 
developed and implemented in COMSOL Multiphysics 
(COMSOL, Inc., Burlington, MA, USA). The tool was used to 
compute the evaluation of the ideal insulated layer thickness to 
avoid crosstalk of recording signals and the design 
enhancement of MEA according to the aerosol jet printed 
requirements to assess the detection area of the electrodes.  
We constructed a 3D model with planar square electrodes on 
the surface of the insulating substrate, as in the commercial 
MEAs, with a cell immersed in culture medium in Fig. 3. The 
position of the cell was changed in various locations in the 
proximity of the electrodes to assess different simulations 
parameters. Furthermore, to compute the crosstalk evaluation, 
in addition to the electrodes and the insulating substrate, 
another domain that represent the conductive silver tracks is 
added to the domains.  
Regarding the single domain representation, the neuronal cell 
was modelled as an adherent cell to the MEA substrate 
surrounded by culture medium. The typical radius of the soma 
of a human neuron is between 7 to 20 𝜇𝜇𝜇𝜇. Here, we assumed a 
neuronal cell of 15 𝜇𝜇𝜇𝜇 radius. In addition, the cell was assumed 

without axons and dendrites and thus propagation signal to 
reduce the computational cost and complexity.   
The electric properties of the various domains used in the 
Comsol simulation are reported in Table 1. Comsol material 
database provided the electrical properties of silver material, in 
terms of relative permittivity and electrical conductivity. The 
specific electric properties of the other domain were set 
according to the electrical parameters reported in the literature 
[7]. Considering the insulating layer, the Norland Optical 
Adhesive properties had a crucial importance in the simulations 
and the MEA realization due to its function in the passivation 
layer, and the electrical conductivity was set 9.09*10-9 S/m.  

Table 1. Electrical parameters for the different material domains used in the 
simulations  

Material domain Relative 
permittivity 

Electrical 
conductivity 
(S/m) 

Medium  80 3 
Cell Membrane 11.3 1*10-24 
Silver (Ag) 1000 5.99*107 
PEDOT-PSS 100 5e4 
Norland Optical Adhesive 
(NOA) 

3.2 9.09*10-9 

 
The electric currents module was imposed as physics in 
COMSOL Multiphysics to calculate the electric fields and the 
electric potential distributions in the entire volume of the model 
and across the insulating layer associated with the analyzed 
electrode configurations. In particular, for numerical modeling 
of the coupling between the cell and the MEA, Maxwell’s 
equations were used. These equations are represented in the 
differential form of Gauss’s law to model electric current flow 
in conductive and capacitive medium and solve a current 
conservation problem. The stationary equation of continuity 
must be considered for stationary electric currents in 
conductive media. 
The Ohm’s law is: 

𝐽𝐽 =  𝜎𝜎 ∙ 𝐸𝐸 + 𝐽𝐽𝐽𝐽 (1) 
 

𝐽𝐽 = total current flux, 𝐽𝐽 = externally generated current 
density, 𝜎𝜎 = electrical conductivity of the material. 
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 to handle current 
sources, the static form of the equation of continuity can be 
generalized:  

∇ ∙ 𝐽𝐽 = 𝑄𝑄𝑄𝑄, 𝑣𝑣  (2) 
Q = total charge enclosed within the V. 
Dielectric model for macroscopic properties of the model:  
 

𝐷𝐷 =∈0∙∈𝑟𝑟  (3) 
 

Where D is the electric displacement, ∈0  is the vacuum 
permittivity and ∈𝑟𝑟 is the relative permittivity. 
Based on 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. The electrical 
insulation boundary condition is defined as  
 

Figure 3. Geometry model of MEA, cell culture medium and 3) neuronal 
cell. 
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density, 𝜎𝜎 = electrical conductivity of the material. 
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 to handle current 
sources, the static form of the equation of continuity can be 
generalized:  

∇ ∙ 𝐽𝐽 = 𝑄𝑄𝑄𝑄, 𝑣𝑣  (2) 
Q = total charge enclosed within the V. 
Dielectric model for macroscopic properties of the model:  
 

𝐷𝐷 =∈0∙∈𝑟𝑟  (3) 
 

Where D is the electric displacement, ∈0  is the vacuum 
permittivity and ∈𝑟𝑟 is the relative permittivity. 
Based on 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. The electrical 
insulation boundary condition is defined as  
 

Figure 3. Geometry model of MEA, cell culture medium and 3) neuronal 
cell. 
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𝑛𝑛 ∙ 𝐽𝐽 = 0  (4) 

The boundary conditions concern the current conservation on 
all the domains and the electric insulation on all the boundaries. 
A potential difference according to action potential signal was 
fed in the surface via terminal at the entire cell surface, while 
all the external domain boundaries were set to ground. The 
array of microelectrode was used to record the propagation of 
the action potential signal around the cell, specifically the 
distribution of electrical potential in the electrode domain. The 
simulation was set with a time-dependent step between 0 to 
0.02 s, the duration of a single spike of the action potential, and 
the consequence refractory period. The input signal was fed as 
a terminal for the generation of the electrical potential and 
consequently, the signal recorded by the microelectrode array 
for neuronal cells is the action potential signal, a potential 
difference between the outside and inside of the membrane. 
The difference in the concentration of ions between the inside 
and outside through the membrane of the cell leads to 
membrane potential. Such potential difference changes over 
time, starting from a resting potential of -70 mV to a rapid 
depolarization, positive membrane potential with a peak of 50 
mV and subsequently, repolarization of the membrane. Finally, 
a refractory period leads to resting potential. For the generation 
of the action potential of the neuron provided as an electrical 
potential input to the cell membrane presented in this work, the 
model of Hodgkin–Huxley was chosen. The mathematical 
model of the neural electrical activity is based on their 
electrophysiological experiments in the giant axon of the squid 
[8]. The neuron was represented as a single compartment, 
ignoring any spatial propagation in electrical activity. The 
neural membrane is described in Fig. 4 by a capacitance Cm in 
parallel with three conductance. 

𝑖𝑖𝑁𝑁𝑁𝑁 = 𝑔𝑔𝑁𝑁𝑁𝑁(𝑉𝑉 − 𝑉𝑉𝑁𝑁𝑁𝑁)  (5) 
𝑖𝑖𝐾𝐾 = 𝑔𝑔𝐾𝐾(𝑉𝑉 − 𝑉𝑉𝐾𝐾)   (6) 
𝑖𝑖𝐿𝐿 = 𝑔𝑔𝐿𝐿(𝑉𝑉 − 𝑉𝑉𝐿𝐿)   (7) 

 
𝐶𝐶𝑚𝑚

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = −(𝑖𝑖𝑁𝑁𝑁𝑁 + 𝑖𝑖𝐾𝐾 + 𝑖𝑖𝐿𝐿)  (8) 

 
Cm= membrane capacitance 
iNa = Na+ ionic current  
iK = K+ ionic current 
iL= non specific leakage current 
𝑔𝑔𝑁𝑁𝑁𝑁= Na+ ionic conductance [S] 
𝑔𝑔𝐾𝐾= K+ ionic conductance [S] 
𝑔𝑔𝐿𝐿= non-specific leakage conductance [S] 

V= transmembrane potential 
VNa = reversal potential for Na+ membrane current  
VK = reversal potential for K+ membrane current 
VL = reversal potential for non-specific leakage membrane 
current. Hodgkin–Huxley neuron model [8] responds to a brief 
stimulus, shown in the membrane potential V against time. 
Using a square-wave profile, this stimulus current is given by 

𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑚𝑚 = {𝑖𝑖𝑠𝑠         𝑡𝑡𝑜𝑜𝑜𝑜 ≤ 𝑡𝑡 < 𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
0                            𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒}   (9) 

 
In the specific case of the simulation reported in this work, the 
values assigned are: 
𝑖𝑖𝑠𝑠= 600 𝐴𝐴 𝑚𝑚2⁄  
𝑡𝑡𝑜𝑜𝑜𝑜 = 0.001 𝑒𝑒 
𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑= 0.001 𝑒𝑒 
The resulting action potential on the cell membrane according 
to the values assigned is shown in Fig. 5 with a peak with an 
amplitude of 50 mV after 0.002 s, the duration of a single 
impulse is about 0.02 s. Finally, the mesh allows the 
discretization of the model, using the finite element method 
that divides the model into elements with a simple geometrical 
shape. An extra fine mesh is imposed to improve the 
computation accuracy, but this leads to increased memory 
usage and a reduced speed.  

3. Results 

3.1 Evaluation of the simplified model 
 

The results of Comsol simulations in Fig. 6 show the electrical 
potential distribution of the geometry composed of a 
microelectrode array (electrode, insulating layer, and 
conductive tracks), cell and medium. The orange signal is the 
action potential input of the cell membrane, peaks at 50 mV 
while the blue waveform is the signal recording of electrical 
potential by the electrode when the cell is located at 80 𝜇𝜇𝑚𝑚 
(Fig. 6a) and at 30 𝜇𝜇𝑚𝑚 (Fig. 6b) along x-axis. The figure shows 
how the action potential profile is recorded by the electrode; 
meanwhile, the field intensity of the signal decreases with the 
distance from the electrogenic cell according to the inverse 
square law of electricity [9]. Compare to Appali [10], which 
uses a model with a higher level of complexity in terms of 
geometry domains and the physics that use a ramification cell 
model and propagation of the action potential, we modelled the 

Figure 5. Action potential of a neuronal cell. Figure 4. Modelling of the neural cell membrane. 
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action potential with a simplified physics, a single imposed 
stimulus and a cell geometry composed of a single cell with 
hemispherical shape. In spite of the simplification of the model 
presented in this work, our simulation reported a proper 
rendering in terms of profile recording and signal decrease 
according to the distance.  
 
3.2 Assessment of the detection area of MEA 
 
Comsol Multiphysics was applied to compute the detection 
area for the electrode array. We estimated the distribution of 
the electrical potential delivered according to the position of 
the cell according to the electrode array. It allows assessing the 
correlation between cell and electrode distance. The plot shows 
on the y-axis the amplitude peak of the cell action potential 
recording from the electrode, assuming the diameter of 50 𝜇𝜇𝑚𝑚, 
while the position of the electrode is plotted on x-axis. For the 
evaluation of the detection area of the electrode, the spike of 
the action potential was taken into account, i.e. the electrical 
potential peak at which the maximum potential difference is 
reached during a single 50 mV peak stimulus. The plot in Fig. 
7 shows how the distance between electrode and cell influences 
the action potential recording. The plot was obtained from 
several simulations carried out by moving the neuronal cell 
along the x-axis. The electrode is in the origin position. The 
detection field results the highest in the area close to the center 
of the electrode at x=0, as expected. Due to the size of the cell 
(of 30 𝜇𝜇𝑚𝑚 diameter), the area of major sensitivity is extended. 
Moving away from the electrode, the sensitivity rapidly 
decreased as can be seen in the Fig. 7. The presence of the cell 
near the electrode of 10 𝜇𝜇𝑚𝑚 provides a decrease of the signal 
of 20 mV. At distances x >20 μm from electrode in the x-
direction, sensitivity drops below 40%, and down to 10% at x 

= 30 μm. The detection area decreases very fast as shown in the 
image, and the recording signal is about 2 mV with a cell-
electrode distance of 100 𝜇𝜇𝑚𝑚. The signal equal to 0 for a 
distance more than 150 𝜇𝜇𝑚𝑚, it means that the action potential 
is no longer detectable for distances larger than 150 𝜇𝜇𝑚𝑚. As 
seen from Fig. 7, the measurement sensitivity of an electrode 
setup is positive in the entire analyzed area, and maximum at 
the center of the electrodes where the electrical potential is the 
highest due to the position of the cell on the top of the electrode. 
According to Fig. 7, the cell in the proximity of the 
microelectrode caused an increase of the potential, leading to 
an increase of the recording signal. The electrical potential and 
the recording signal from the electrode increase depending on 
the location of the cell. The definition of a single electrode 
detection area leads to an analyze of the cross-sensitivity of two 
electrode configuration to investigate the interelectrode 
distance to achieve the optimal MEA design. Concerning the 
design requirements of the microelectrode array, the ideal 
distance between two consecutive electrodes is greater than the 
neuronal cell diameter, and concurrently the gap should not 
exceed in order to avoid areas where the action potential signal 
is not recorded by the sensors. Due to the intrinsic limitation of 
the printed MEA, the minimum interelectrode distance 
achievable is 200 𝜇𝜇𝑚𝑚. We estimated the electrical potential 
distribution with two-electrode configuration at the chosen 
distance, based on the Comsol Multiphysics simulation carried 
out. The Fig. 8 shows the cross-detection area of two 
electrodes, and the behaviour is the same of the configuration 
of the single electrode. It is interesting to observe what happens 
in the cross-detection area, the minimum recorded signal that 
can be detected from the sensor is 2 mV, due to the 

Figure 6. Plot of the action potential signal and recorded signal by the 
electrode at distance between them of a) 80 𝜇𝜇𝑚𝑚 and in b) 30 𝜇𝜇𝑚𝑚. 

Figure 7. Detection field of the single electrode configuration without a cell 
visualized. The electrode is localised in the x-y origin. 

Figure 8. Detection field of the two electrode configurations without cell 
visualized. The 1° first electrode is localized in the x-y origin and the 2° 
electrode at 200 𝜇𝜇𝑚𝑚 away. 
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𝑛𝑛 ∙ 𝐽𝐽 = 0  (4) 

The boundary conditions concern the current conservation on 
all the domains and the electric insulation on all the boundaries. 
A potential difference according to action potential signal was 
fed in the surface via terminal at the entire cell surface, while 
all the external domain boundaries were set to ground. The 
array of microelectrode was used to record the propagation of 
the action potential signal around the cell, specifically the 
distribution of electrical potential in the electrode domain. The 
simulation was set with a time-dependent step between 0 to 
0.02 s, the duration of a single spike of the action potential, and 
the consequence refractory period. The input signal was fed as 
a terminal for the generation of the electrical potential and 
consequently, the signal recorded by the microelectrode array 
for neuronal cells is the action potential signal, a potential 
difference between the outside and inside of the membrane. 
The difference in the concentration of ions between the inside 
and outside through the membrane of the cell leads to 
membrane potential. Such potential difference changes over 
time, starting from a resting potential of -70 mV to a rapid 
depolarization, positive membrane potential with a peak of 50 
mV and subsequently, repolarization of the membrane. Finally, 
a refractory period leads to resting potential. For the generation 
of the action potential of the neuron provided as an electrical 
potential input to the cell membrane presented in this work, the 
model of Hodgkin–Huxley was chosen. The mathematical 
model of the neural electrical activity is based on their 
electrophysiological experiments in the giant axon of the squid 
[8]. The neuron was represented as a single compartment, 
ignoring any spatial propagation in electrical activity. The 
neural membrane is described in Fig. 4 by a capacitance Cm in 
parallel with three conductance. 

𝑖𝑖𝑁𝑁𝑁𝑁 = 𝑔𝑔𝑁𝑁𝑁𝑁(𝑉𝑉 − 𝑉𝑉𝑁𝑁𝑁𝑁)  (5) 
𝑖𝑖𝐾𝐾 = 𝑔𝑔𝐾𝐾(𝑉𝑉 − 𝑉𝑉𝐾𝐾)   (6) 
𝑖𝑖𝐿𝐿 = 𝑔𝑔𝐿𝐿(𝑉𝑉 − 𝑉𝑉𝐿𝐿)   (7) 

 
𝐶𝐶𝑚𝑚

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = −(𝑖𝑖𝑁𝑁𝑁𝑁 + 𝑖𝑖𝐾𝐾 + 𝑖𝑖𝐿𝐿)  (8) 

 
Cm= membrane capacitance 
iNa = Na+ ionic current  
iK = K+ ionic current 
iL= non specific leakage current 
𝑔𝑔𝑁𝑁𝑁𝑁= Na+ ionic conductance [S] 
𝑔𝑔𝐾𝐾= K+ ionic conductance [S] 
𝑔𝑔𝐿𝐿= non-specific leakage conductance [S] 

V= transmembrane potential 
VNa = reversal potential for Na+ membrane current  
VK = reversal potential for K+ membrane current 
VL = reversal potential for non-specific leakage membrane 
current. Hodgkin–Huxley neuron model [8] responds to a brief 
stimulus, shown in the membrane potential V against time. 
Using a square-wave profile, this stimulus current is given by 

𝑖𝑖𝑠𝑠𝑑𝑑𝑠𝑠𝑚𝑚 = {𝑖𝑖𝑠𝑠         𝑡𝑡𝑜𝑜𝑜𝑜 ≤ 𝑡𝑡 < 𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
0                            𝑜𝑜𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒}   (9) 

 
In the specific case of the simulation reported in this work, the 
values assigned are: 
𝑖𝑖𝑠𝑠= 600 𝐴𝐴 𝑚𝑚2⁄  
𝑡𝑡𝑜𝑜𝑜𝑜 = 0.001 𝑒𝑒 
𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑= 0.001 𝑒𝑒 
The resulting action potential on the cell membrane according 
to the values assigned is shown in Fig. 5 with a peak with an 
amplitude of 50 mV after 0.002 s, the duration of a single 
impulse is about 0.02 s. Finally, the mesh allows the 
discretization of the model, using the finite element method 
that divides the model into elements with a simple geometrical 
shape. An extra fine mesh is imposed to improve the 
computation accuracy, but this leads to increased memory 
usage and a reduced speed.  

3. Results 

3.1 Evaluation of the simplified model 
 

The results of Comsol simulations in Fig. 6 show the electrical 
potential distribution of the geometry composed of a 
microelectrode array (electrode, insulating layer, and 
conductive tracks), cell and medium. The orange signal is the 
action potential input of the cell membrane, peaks at 50 mV 
while the blue waveform is the signal recording of electrical 
potential by the electrode when the cell is located at 80 𝜇𝜇𝑚𝑚 
(Fig. 6a) and at 30 𝜇𝜇𝑚𝑚 (Fig. 6b) along x-axis. The figure shows 
how the action potential profile is recorded by the electrode; 
meanwhile, the field intensity of the signal decreases with the 
distance from the electrogenic cell according to the inverse 
square law of electricity [9]. Compare to Appali [10], which 
uses a model with a higher level of complexity in terms of 
geometry domains and the physics that use a ramification cell 
model and propagation of the action potential, we modelled the 

Figure 5. Action potential of a neuronal cell. Figure 4. Modelling of the neural cell membrane. 
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action potential with a simplified physics, a single imposed 
stimulus and a cell geometry composed of a single cell with 
hemispherical shape. In spite of the simplification of the model 
presented in this work, our simulation reported a proper 
rendering in terms of profile recording and signal decrease 
according to the distance.  
 
3.2 Assessment of the detection area of MEA 
 
Comsol Multiphysics was applied to compute the detection 
area for the electrode array. We estimated the distribution of 
the electrical potential delivered according to the position of 
the cell according to the electrode array. It allows assessing the 
correlation between cell and electrode distance. The plot shows 
on the y-axis the amplitude peak of the cell action potential 
recording from the electrode, assuming the diameter of 50 𝜇𝜇𝑚𝑚, 
while the position of the electrode is plotted on x-axis. For the 
evaluation of the detection area of the electrode, the spike of 
the action potential was taken into account, i.e. the electrical 
potential peak at which the maximum potential difference is 
reached during a single 50 mV peak stimulus. The plot in Fig. 
7 shows how the distance between electrode and cell influences 
the action potential recording. The plot was obtained from 
several simulations carried out by moving the neuronal cell 
along the x-axis. The electrode is in the origin position. The 
detection field results the highest in the area close to the center 
of the electrode at x=0, as expected. Due to the size of the cell 
(of 30 𝜇𝜇𝑚𝑚 diameter), the area of major sensitivity is extended. 
Moving away from the electrode, the sensitivity rapidly 
decreased as can be seen in the Fig. 7. The presence of the cell 
near the electrode of 10 𝜇𝜇𝑚𝑚 provides a decrease of the signal 
of 20 mV. At distances x >20 μm from electrode in the x-
direction, sensitivity drops below 40%, and down to 10% at x 

= 30 μm. The detection area decreases very fast as shown in the 
image, and the recording signal is about 2 mV with a cell-
electrode distance of 100 𝜇𝜇𝑚𝑚. The signal equal to 0 for a 
distance more than 150 𝜇𝜇𝑚𝑚, it means that the action potential 
is no longer detectable for distances larger than 150 𝜇𝜇𝑚𝑚. As 
seen from Fig. 7, the measurement sensitivity of an electrode 
setup is positive in the entire analyzed area, and maximum at 
the center of the electrodes where the electrical potential is the 
highest due to the position of the cell on the top of the electrode. 
According to Fig. 7, the cell in the proximity of the 
microelectrode caused an increase of the potential, leading to 
an increase of the recording signal. The electrical potential and 
the recording signal from the electrode increase depending on 
the location of the cell. The definition of a single electrode 
detection area leads to an analyze of the cross-sensitivity of two 
electrode configuration to investigate the interelectrode 
distance to achieve the optimal MEA design. Concerning the 
design requirements of the microelectrode array, the ideal 
distance between two consecutive electrodes is greater than the 
neuronal cell diameter, and concurrently the gap should not 
exceed in order to avoid areas where the action potential signal 
is not recorded by the sensors. Due to the intrinsic limitation of 
the printed MEA, the minimum interelectrode distance 
achievable is 200 𝜇𝜇𝑚𝑚. We estimated the electrical potential 
distribution with two-electrode configuration at the chosen 
distance, based on the Comsol Multiphysics simulation carried 
out. The Fig. 8 shows the cross-detection area of two 
electrodes, and the behaviour is the same of the configuration 
of the single electrode. It is interesting to observe what happens 
in the cross-detection area, the minimum recorded signal that 
can be detected from the sensor is 2 mV, due to the 

Figure 6. Plot of the action potential signal and recorded signal by the 
electrode at distance between them of a) 80 𝜇𝜇𝑚𝑚 and in b) 30 𝜇𝜇𝑚𝑚. 

Figure 7. Detection field of the single electrode configuration without a cell 
visualized. The electrode is localised in the x-y origin. 

Figure 8. Detection field of the two electrode configurations without cell 
visualized. The 1° first electrode is localized in the x-y origin and the 2° 
electrode at 200 𝜇𝜇𝑚𝑚 away. 



92 Ileana Armando  et al. / Procedia CIRP 110 (2022) 87–92
6 Author name / Procedia CIRP 00 (2019) 000–000 

interelectrode distance of 200 𝜇𝜇𝑚𝑚. An increase of the 
interelectrode distance more than 200 𝜇𝜇𝑚𝑚 would result in a 
detection area in which the signal is no more recordable.  
 
3.3 Evaluation of the Insulated layer thickness  
 
The extracellular electrode can record the field potential 
generated by the action potential of more neurons in vitro. The 
recorded signal reflects the spike of individual neurons and low 
field potential and synaptic potentials. Therefore, it is 
necessary to reduce the possible additional noise, such as the 
interference crosstalk signal between the several action 
potentials and the conductive tracks in silver that can be 
generated by a non-adequate insulated layer thickness. For such 
reason, the width of the insulating layer must be studied to 
avoid crosstalk between the signal recording by the electrode 
and the interference between external action potential signals 
and conductive path. Several simulations are performed to 
evaluate the optimal compromise between layer thickness from 
AJP requisite and crosstalk limitations. The thickness values 
are chosen as follow: for the inferior limit, 10 𝜇𝜇𝑚𝑚 was chosen 
because it is the minimum layer thickness that can be printed 
with AJP with the NOA and for the superior, we tested 300 𝜇𝜇𝑚𝑚. 
The results obtained for the different layer thickness regard the 
entire action potential signal. The Fig. 9 shows how the 
variations of the electric potential for 10 𝜇𝜇𝑚𝑚 of thickness differ 
by 1% from 300 𝜇𝜇𝑚𝑚. Therefore, the variation of the potential is 
not relevant to interfere with the signal of the recording 
electrode. 

4. Conclusion 

Due to the importance of understanding electrophysiological 
signals of electrogenic cells, the microelectrode array is crucial 
in biomedical research and its subsequent use as a tool for the 
assessment of cellular viability. It is fundamental the 
optimization and the customization of the microelectrode array 
design to produce bioelectronic devices able to lead to an 
improvement of the knowledge in the tissue engineering field. 
The employment of new printed manufacturing techniques 
allows the production of customized and, cost and time 
reduction devices. Besides the possibility of using polymeric 
materials lead to better results in terms of signal quality and 
biocompatibility. In the specific, before proceeding with the 
realization of an electrode array device, it is necessary to design 
the set-up and the electrical parameters to obtain the achieved 

result, and this is possible due to the use of computational 
techniques. In this work, we demonstrated the importance of 
the FEM model for the optimization of the design for a new 
fabrication technique for the realization of microelectrode array 
which involves the use of Aerosol Jet Printing. The detection 
area analysis of the electrode array for the recording of the 
action potential of neuronal cells led to the definition of an 
interelectrode distance of 200 𝜇𝜇𝑚𝑚. Furthermore, according to 
the intrinsic requirements of AJP and the results obtained from 
Comsol simulation, the evaluation of the insulating layer 
thickness led to an optimal thickness of Norland Optical 
Adhesive used as passivation layer of 10 𝜇𝜇𝑚𝑚, because such 
value do not lead to an undue noise concerning the electrical 
potential signal recording by the electrode.  
In conclusion, the system used in the simulation is necessarily 
ideal, including the assumed geometry, e.g. the neuronal 
network is assumed as a single neuron with hemispherical 
shape and the propagation of the action potential is negligible. 
Nevertheless, a well-defined and simplified geometry in the 
MEA system is necessary to achieve a basic understanding of 
the action potential measurement and bioelectronic device. 
Although the concepts and the results obtained from the 
simulation will assess the design optimization considering the 
geometry set-up and electrode dimensions for microelectrode 
array. These simulations can be used for the analysis of 
stimulation and recording of electrodes qualitatively. The 
model is a good compromise of computational power and 
model predictability. The future works will include the 
realization of the printed microelectrode array by Aerosol Jet 
Printing according to the computational results achieved.  
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Figure 9. Action potential signal from the recorded electrode with an 
insulating layer of 10 𝜇𝜇𝑚𝑚 and 300 𝜇𝜇𝑚𝑚. 


