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Abstract 

Traditional medical techniques are constrained by macro-scale detection methods, mak-

ing it difficult to capture dynamic changes at the cellular level. The miniaturization and 

high-throughput capabilities of integrated circuit technology enable precise manipulation 

and real-time monitoring of biological processes. In this study, COMSOL Multiphysics 

software was used to model electrode units, simulating the interaction between cells and 

their biological environment. From the perspective of electrode arrays, the influence of 

varying electrode-cell contact areas on electrical signals was investigated, and the struc-

ture and layout of the microelectrode array (MEA) were optimized. The research explored 

the relationship between cellular activity and electrical properties, as well as the effect of 

cellular activity on membrane permeability. Simulation results demonstrated that larger 

electrode coverage areas improve potential distribution. The intact phospholipid bilayer 

and functional membrane proteins of living cells create a significant current-blocking ef-

fect, with impedance values reaching 105–106 Ω·cm2. In contrast, apoptotic or necrotic cells 

exhibit structural damage and ion channel inactivation, leading to significantly enhanced 

membrane permeability, with impedance decreasing by 1–2 orders of magnitude. Further 

simulations involved modeling microfluidic channels to study cellular behavior within 

them. Frequency response analysis and Bode plots revealed that impedance differences 

between low and high frequencies could distinguish living cells (higher impedance) from 

apoptotic cells (lower impedance). Therefore, Bode plot analysis can assess membrane 

permeability and infer cellular health or apoptotic state. Additionally, this study exam-

ined micro-nanofabrication techniques, particularly the lift-off process for microelectrode 

fabrication, and optimized photoresist selection in photolithography. 

Keywords: microfluidics; microelectrode array; COMSOL simulation; cell morphology 

analysis 

 

1. Introduction 

Over the past few decades, the rapid development of integrated circuit (IC) technol-

ogy has fundamentally reshaped modern life through its widespread application in the 

electronics industry. Biomedical engineering, an emerging interdisciplinary field, aims to 

apply engineering principles and techniques to solve problems in the life sciences and 

improve human health. Introducing IC technology into biomedical engineering opens 

new avenues for interdisciplinary innovation, enabling precise manipulation and analysis 
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of biological samples. This integration offers more effective approaches for disease diag-

nosis, treatment, and prevention. 

Microfluidic chip technology [1], by precisely controlling the flow of minute fluid 

volumes, can efficiently simulate the microenvironment within living organisms, provid-

ing an ideal platform for biomedical research. This technology accurately regulates fluid 

flow velocity, pressure, and shear stress within microfluidic systems, replicating the phys-

iological functions of organs and tissues. Consequently, it offers a realistic and reliable 

experimental environment for drug screening and toxicity assessment [2]. 

Compared to traditional two-dimensional cell culture methods, microfluidic chips 

can mimic the complex interactions between cells and extracellular matrices under condi-

tions that more closely resemble in vivo environments. This not only enhances the biolog-

ical relevance of research outcomes but also provides a more precise testing platform for 

drug development [3]. 

Furthermore, the high-throughput capability of microfluidic chips enables the sim-

ultaneous multi-dimensional analysis of large sample volumes in a short time, greatly fa-

cilitating drug screening and personalized therapy. By integrating electrical analysis, real-

time imaging, and high-throughput detection systems, microfluidic platforms allow for 

precise monitoring and quantitative analysis of cellular processes such as growth, differ-

entiation, and migration, thereby improving experimental accuracy and reliability. 

Compared to conventional methods, microfluidic chips not only significantly shorten 

research cycles but also reduce experimental costs by minimizing the need for animal test-

ing and expensive reagents, greatly enhancing research efficiency and sustainability. 

Therefore, the application of microfluidic chips in biomedical research—particularly in 

drug screening, disease mechanism studies, and personalized medicine—holds signifi-

cant promise and potential for future development. 

Meanwhile, as an important indicator for revealing cellular functional states, disease 

mechanisms, and therapeutic responses, cell morphology analysis techniques are gradu-

ally expanding from traditional microscopic imaging to electrical characteristic identifica-

tion. Electrical Impedance Spectroscopy (EIS), with its advantages of being non-invasive, 

label-free, and capable of real-time response, has been widely adopted in microfluidic 

platforms for identifying cell viability, membrane permeability, and apoptotic states. 

In recent years, researchers have increasingly recognized that the design and ar-

rangement of Microelectrode Arrays (MEAs) play a decisive role in the sensitivity and 

spatial resolution of cellular electrical property detection [4]. Particularly with the assis-

tance of integrated circuit simulation tools like COMSOL Multiphysics, researchers can 

construct sophisticated cell-electrode coupling models to simulate potential distribution 

and impedance variations under different cellular states, thereby achieving more precise 

cell status identification [5,6]. 

Numerous studies have focused on electrode structure optimization [7,8], material 

selection, and frequency response characteristics of impedance signals. However, system-

atic exploration remains lacking regarding how to integrate microstructural electrode op-

timization, electrical modeling analysis, and microchannel environments to improve the 

accuracy of cell state discrimination and system integration. Therefore, comprehensive 

research encompassing microfluidic electrode array design, extraction of cellular electrical 

response characteristics, and COMSOL simulation optimization holds significant theoret-

ical value and engineering practical significance. 

2. Study of Cellular Morphology 

In the simulation phase, COMSOL Multiphysics software with a 3D study setup was 

used, adding the transient electric currents (ec) physics interface to better capture the po-

tential distribution in the cell-electrode coupling model. First, we create a working plane 
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and draw a rectangle on it, which will serve as the contact part between the electrode and 

the cell. Then, another larger rectangle is drawn to the left of the smaller one to form the 

main part of the electrode. These two shapes are combined into a unified electrode struc-

ture. Next, we duplicate the electrode and place it at a symmetric position, forming an 

electrode pair. After switching views, I begin modeling the cell. Since the cell is a strain-

tolerant sphere, but the contact area between the sphere and the electrode is too small, we 

now consider the situation where the cell grows on the electrode (the cell is set as a hem-

isphere, with the flat base of the hemisphere placed on the electrode). The cell is modeled 

as a sphere with a radius of 20 μm, and a larger rectangle is drawn below to perform a 

Boolean subtraction with the sphere. 

Since cells require a liquid culture medium to survive, and the simulation domain 

must provide sufficient space to properly resolve potential distributions, an additional 

rectangular volume was created to immerse the cell-electrode model (representing the 

culture medium). This rectangular domain was designed to fully encompass both the up-

per surface of the cell and the electrode structure. 

After completing the preliminary modeling, the materials for each domain need to 

be defined. First, all regions inside the rectangle, except for the cell, are set as water. The 

material data for the ec calculation needs to define conductivity and permittivity. The con-

ductivity of water is set to 1.26 S/m, and the permittivity is set to 80.2. The permittivity of 

the cell membrane (Eps_memb) is set to 50, and its conductivity (Sig_memb) is set to 

0.5e−3 S/m. The permittivity of the cytoplasm (Eps_cyto) is set to 11, and its conductivity 

is set to 1.5 S/m, slightly higher than that of the surrounding solution. Now, it is necessary 

to set the domains covered by each electrical parameter in the ec model: the current con-

servation region is selected as the entire cell-electrode structure immersed in the culture 

medium; the electrical insulation region is selected for the portion excluding the electrode 

and cell; the initial value is set to 0 V for the entire structure; the first endpoint sets the 

potential of one side of the electrode to 1 V; the contact impedance region is set at the cell 

surface; the distributed impedance region is set for the other side of the electrode. 

Following model construction, the computational mesh was generated and simula-

tions were performed at a frequency of 10,000 Hz. The initial results are shown in Figure 

1. 

To simulate increased membrane permeability associated with cell death, the mem-

brane conductivity parameter (Sig_memb) was adjusted to 1.2 S/m. The modified simula-

tion produced the results presented in Figure 1. 

 

(a) 
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Figure 1. (a) Oblique side view of the potential distribution of a living cell; (b) Side view (XZ plane) 

of electric potential distribution in a living cell; (c) Electric potential distribution of a dead cell from 

the side view along the XZ plane. 

From the images, it is evident that the electric potential around the cell exhibits a 

distinct gradient, particularly in the region of the cell membrane where the potential is 

relatively high. This is closely related to the electrical properties of the membrane. The cell 

membrane, composed of a phospholipid bilayer and functional membrane proteins, effec-

tively impedes ion flow. As a result, healthy cells show pronounced variations in electric 

potential near the membrane region. In contrast, apoptotic or necrotic cells experience sig-

nificant changes in potential distribution due to membrane structural degradation and 

inactivation of ion channels. 

The double-layer capacitance effect between the cell surface and the electrolyte solu-

tion also plays a critical role in shaping the potential distribution [9]. Specifically, the cell 

membrane forms a charged interface—known as the electric double layer—in the electro-

lyte. Charge distribution varies between the compact layer and the diffuse layer. In the 

compact layer, negatively charged ions interact with the electrode surface to generate a 

strong electric field, while in the diffuse layer, the ion concentration gradient leads to a 

gradual weakening of the electric field. This double-layer effect not only influences local 

potential variations but also contributes to different electric field responses under varying 

cellular physiological states, such as proliferation, migration, or apoptosis, thereby affect-

ing cell behavior. Changes in potential distribution are directly correlated with cellular 

physiological activity [10]. 

By adjusting the width of the rectangle to 40 μm and modifying the distance between 

the two electrodes, the results presented in Figure 2 were obtained. These figures show 

that, at the same frequency (10,000 Hz), increasing the distance between electrodes results 

in a less uniform potential distribution. Only when the frequency is increased does the 

cell membrane become disrupted again, and the potential distribution becomes more uni-

form. This indicates that larger electrode spacing or smaller contact areas between the 

electrodes and the cells reduces the sensitivity of experimental results. In other words, in 

microfluidic chips, the larger the electrode coverage area over the cell, the more uniform 

the potential distribution becomes. This finding is particularly valuable for studies of cell 

morphology and activity. To improve the accuracy of cell activity assessment, appropri-

ately adjusting the electrode spacing in microelectrode design is recommended—ensuring 

the electric field is neither too weak to detect meaningful signals, nor too strong to disrupt 

cell behavior. By optimizing electrode layout and material selection, the effect of the elec-

tric field on the cell membrane can be enhanced, allowing more precise monitoring of the 

cell’s electrical characteristics, particularly in distinguishing between healthy and non-

living cells. 
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Figure 2. (a) Modeling of cell-microelectrode arrays; (b) Side view (XZ plane) of the electric potential 

distribution with increased electrode spacing; (c) The electric potential distribution upon membrane 

breakdown at a frequency of 1 × 106 Hz. 

Building upon the earlier simulation, one cell–electrode coupling unit was replicated 

and aligned side by side to model a basic microelectrode array. 

At the same frequency of 10,000 Hz, the calculated results are shown in Figure 2. It 

can be observed that the electric potential distribution across the electrode array with liv-

ing cells does not exhibit a significant gradient, indicating that the cell membranes were 

not disrupted at this frequency. In contrast, for a single living cell at the same frequency, 

the potential distribution displays a clear gradient, suggesting that 10,000 Hz is sufficient 

to disrupt the membrane of an individual cell. 

Next, the frequency parameter was set to 61,359 Hz, and the resulting electric poten-

tial distribution—also shown in Figure 3—indicates that the cell membranes are at the 

threshold of breakdown. This further demonstrates that cells on an electrode array require 

a higher frequency to be disrupted. Therefore, it becomes necessary to introduce a sys-

tematic Bode plot analysis to investigate the frequency response of the system. 

As shown in Figure 3, this is the Bode plot of the aforementioned living cell array 

system. The plot reveals that at lower frequencies, the impedance of the cell membrane is 

significantly higher, likely due to the blocking effect of membrane proteins and the phos-

pholipid bilayer structure. As the frequency increases, the system’s impedance gradually 

decreases. This suggests that the cell membrane exhibits capacitive behavior at low fre-

quencies, while at higher frequencies, current more readily bypasses the capacitive char-

acteristics of the membrane and penetrates it. In the case of apoptotic or dead cells, the 

structural integrity of the membrane is compromised, resulting in reduced impedance and 

increased current conductivity. Therefore, the frequency-dependent response reflected in 

the Bode plot can indicate changes in membrane permeability. In other words, by analyz-

ing impedance variation across frequencies, Bode plots can be used to distinguish be-

tween healthy and apoptotic or necrotic cells. 
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To simulate cell death, the membrane conductivity parameter Sig_memb was further 

modified to 1.2. The recalculated result is shown in Figure 3. The two Bode plots show no 

significant difference in general frequency response. However, at specific frequency 

points (e.g., 61,359 Hz), the plot reveals a critical interaction point between the electrode 

and the cell membrane. At this point, a balance is reached between the electrode’s influ-

ence and the bioelectrical properties of the cell. This frequency may also serve as an indi-

cator of changes in membrane permeability, suggesting the onset of irreversible mem-

brane damage or alteration. 

Overall, the introduction of the Bode plot as an electrical analysis tool in this study 

holds significant theoretical and engineering value. By displaying the magnitude and 

phase of impedance across varying frequencies, the Bode plot visually reveals the fre-

quency response characteristics of the cell–electrode coupling system, providing strong 

support for a deeper understanding of the electrical model. In microfluidic chip platforms, 

the physiological states of cells (e.g., healthy, apoptotic, or necrotic) typically result in 

changes to membrane conductivity and dielectric properties, which in turn affect the sys-

tem’s impedance characteristics across the frequency spectrum. The Bode plot, as a highly 

sensitive and high-resolution tool, can effectively identify these frequency-dependent 

electrical changes. 

In summary, the use of Bode plots in this study is crucial for characterizing the fre-

quency response of cellular electrical behavior. By presenting impedance magnitude and 

phase across frequencies, Bode plots not only depict the capacitive features of cell mem-

branes with accuracy, but also dynamically reflect how physiological changes influence 

electrical parameters. Simulation results indicate that healthy cells exhibit high impedance 

at low frequencies due to intact membrane structures, where the phospholipid bilayer 

impedes current flow, forming a typical capacitive profile. At high frequencies, current is 

able to bypass or penetrate the membrane, leading to a significant decrease in system im-

pedance. When cells undergo apoptosis or necrosis, membrane structure is disrupted, 

conductivity increases, and overall impedance decreases. 

  

(a) (b) 

Figure 3. (a) Bode plot of the living cell array described above; (b) The parameters were further 

adjusted by setting Sig_memb (the membrane conductivity) to 1.2 to simulate cell death. The recal-

culated Bode plot is shown in this figure. 

3. Construction of Microfluidic Channels 

Continue using COMSOL Multiphysics software, with the research object set to tran-

sient EC (electrochemistry). The plan involves compressing cells and placing them within 

the channel to calculate the current density modulus in the microfluidic channel [13]. 

First, a rectangular union is drawn on a plane as the basic shape of the channel. Then, 

the extrusion function is used to stretch this union upward by 2 μm, constructing it into a 

three-dimensional channel as shown in Figure 4. 
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Figure 4. Three-dimensional channel. 

Using the same cell parameters for simulation, the frequency was set to 10,000 Hz, 

and the calculated current surface density modulus distribution is shown in Figure 5a. 

From the image, it can be observed that the current density distribution is significantly 

non-uniform across three distinct regions of the microchannel. The highest current density 

occurs in the central electrode region of the channel, likely due to the strong current gen-

erated by the interaction between the channel and cells. In contrast, the blue regions near 

both ends of the channel indicate that the current in the fluid is obstructed or dispersed in 

these wider areas. 

At the interface, the current surface density exhibits a transitional gradient, which 

may be related to the selected frequency. To investigate further, the frequency was in-

creased to 1 × 106 Hz, yielding the results shown in Figure 5b. Analysis of this image re-

veals that at higher frequencies, the gradient of current surface density at the interface 

significantly decreases, and the transitional region nearly disappears. The influence of fre-

quency on current density distribution may stem from the capacitive effect of the cell 

membrane within the microchannel. Therefore, studying the frequency characteristics 

(Bode plot) of the microchannel is particularly important [12]. 

  

(a) (b) 

Figure 5. (a) The current surface density modulus distribution obtained by setting the frequency to 

10,000 Hz for computation; (b) The resulting plot obtained by increasing the frequency to 1 × 106 Hz 

in the simulation. 

As shown in Figure 6, in the low-frequency region (<104 Hz), the system exhibits high 

impedance magnitude, indicating significant barrier effects of cell membranes against cur-

rent flow. Within the frequency range of 100 Hz to 10,000 Hz, healthy cells demonstrate 

distinct capacitive and resistive characteristics due to their intact membrane structure and 

dense phospholipid bilayer, resulting in strong current suppression effects. The high im-

pedance in this frequency band primarily stems from the capacitive energy storage of cell 

membranes, which hinders current passage and demonstrates the membrane’s remarka-

ble regulatory capability over electrical signals. 
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Figure 6. Microchannel Bode plot. 

However, as frequency progressively increases, particularly in the high-frequency 

range exceeding 106 Hz, the Bode plot shows a clear decreasing trend in impedance mag-

nitude with stabilized slope. This variation indicates that high-frequency electrical signals 

enable stronger current penetration, overcoming the dielectric barrier of cell membranes. 

Consequently, the capacitive effect of cell membranes gradually diminishes, and the sys-

tem’s overall impedance approaches purely resistive characteristics. This frequency-de-

pendent impedance variation reveals the response mechanism of cell membrane structure 

in electric fields: primarily capacitive behavior at low frequencies transitioning to break-

down or bypass at high frequencies, reflecting the system’s shift from energy-storage to 

energy-dissipation mode. 

Further analysis of the Bode plot’s slope variation demonstrates its high sensitivity 

to the electrical state of cell membranes across different frequency bands. Healthy cells, 

with lower membrane permeability, exhibit steeper slope variations in the frequency do-

main. In contrast, apoptotic or necrotic cells, due to membrane structural damage, allow 

current penetration at lower frequencies, resulting in overall lower impedance magni-

tudes and less pronounced slope variations. Therefore, quantitative analysis of impedance 

slope variations across frequency bands in the Bode plot serves as a crucial criterion for 

assessing cell viability. 

4. Conclusions 

This study focuses on the relationship between the microelectrode array structure 

and the electrophysiological characteristics of cells on a microfluidic chip platform. Using 

the COMSOL Multiphysics simulation software, a cell-electrode coupling model encom-

passing the cell membrane, electrode structure, and the cultured microenvironment was 

constructed. This model not only simulates the electric potential distribution of cells under 

the influence of an electric field, but also reflects the impact of electrode design parameters 

on signal detection sensitivity. Through systematic simulations and parameter compari-

sons, this study reveals the quantitative relationship between cell membrane permeability 

and impedance values: healthy cells, with their intact phospholipid bilayer structure and 

significant membrane capacitance, maintain high impedance values, whereas apoptotic 

or necrotic cells, due to membrane structure degradation and ion leakage, exhibit a signif-

icant decrease in impedance. This change not only has clear biophysical significance but 

also provides a reliable basis for non-invasive identification of cell status. 

Regarding the microelectrode structure, the research shows that the contact area be-

tween the electrode and the cell directly affects the local electric field distribution, thereby 

influencing the overall signal stability and detection resolution of the system. The larger 

the contact area, the more uniform the electric field, the clearer the signal, and the smaller 

the noise interference, which helps to improve the accuracy and robustness of the micro-

electrode array in multi-cell synchronous detection. Based on the frequency-domain 
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response signals obtained from the electrode array, the study further plotted and analyzed 

the impedance spectrum’s Bode Plot, revealing significant differences in the capacitive 

behavior of the cell membrane and the current conduction path at different frequencies. 

At low frequencies, healthy cells exhibit obvious capacitive impedance characteristics, 

while at high frequencies, due to current bypassing or breaking through the cell mem-

brane, the system’s impedance approaches a resistive nature. This frequency-dependent 

response characteristic provides a clear theoretical framework and judgment criterion for 

cell physiological state recognition based on impedance spectra [14]. 

In conclusion, this project has developed a system for cell morphology electrophysi-

ological characterization and analysis, which is applicable to microfluidic platforms. This 

system enables real-time evaluation of cell membrane impedance characteristics, non-in-

vasive identification of cell states (such as health, apoptosis, and necrosis), and has good 

scalability and platform integration potential. In future applications, the research out-

comes are expected to serve critical areas such as high-throughput cell screening, person-

alized drug response evaluation, and tissue engineering state monitoring. Furthermore, 

by integrating artificial intelligence algorithms and signal pattern recognition technolo-

gies, this platform could be further developed into a cellular electrophysiological “finger-

print recognition” system, providing technical support for remote medical care, instant 

diagnostics, and bioinformatics analysis. 
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