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ABSTRACT  

Éva Hodován: Characterization of electric field distributions for temporal interference stimulation 
in vitro 
Master’s thesis  
Tampere University  
Master's Programme in Biomedical Sciences and Engineering Biomedical 
May 2026 

 

Temporal interference stimulation (TIS) is a non-invasive neuromodulation technique in which 
two high-frequency electrical signals interfere to produce a low-frequency modulation envelope 
capable of stimulating neurons. The electrode placement and how it influences the spatial distri-
bution of the electric field are one of the main challenges of TIS. This thesis investigates the ef-
fect of the electrode configuration on temporal interference patterns, using finite-element simula-
tions and in vitro measurements.  

This thesis aimed to characterize the temporal interference with simulation and with stimulation 
in vitro. Here, the study demonstrates that the placement of the electrodes influences temporal 
interference quality. To attain this goal, first, a simulation was used, and after that, the signals of 
the stimulation were measured. Processing the data from both the simulation and the measure-
ment, the highest MI was calculated. For the simulation, four different cases were used to obtain 
a better picture of the electrical interference in 2D. 

COMSOL Multiphysics was used to simulate voltage and current-driven cases to explore the be-
haviors of the system. The modulation index was calculated to analyse the systems. In addition, 
all the measurement points were compared to the point in the middle. The results of the simula-
tion were also compared with the measurements.  

A resin well was printed with a 3D printer filled with PBS. Measurements were executed with the 
well, and the data was recorded with a digital oscilloscope, and the modulation index was calcu-
lated. 

The results demonstrate that electrode placement and measurement orientation significantly in-
fluence the temporal interference patterns and modulation quality. Besides, obvious differences 
were observed between the simulated and measured data. It highlights the limits of simulation 
models compared with a real experiment. 
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1. INTRODUCTION 

When temporal interference stimulation (TIS) is mentioned, we refer to a field that is not 

well-studied, yet in high demand. It can be used in many fields: symptoms of several 

neurological and psychiatric disorders can be alleviated. Neurons can be electrically 

stimulated with low-frequency electrical interference (Grossman, 2017). In addition, this 

method is non-invasive and non-pharmacological. However, it faces many challenges: 

one of the main objections is the targeting of the deep brain regions. The high current 

load can cause unwanted side effects such as burning injuries and headaches. Moreo-

ver, off-target brain regions may be influenced unintentionally, since neural tissues ex-

hibit frequency-dependent responses that vary with local architecture. (Feixue Wang, 

2025). But studies also show that experiments on humans must be carried out with the 

utmost care due to risks (Violante, 2023). The focus of this thesis is to characterize the 

electrical signals generated by a DC stimulator. More specifically, this work aims to iden-

tify the optimal electrode placements for the generated interference signals. The aim is 

to understand how the positioning of the electrodes and stimulation parameters influence 

field steerability. This is essential for assessing the future usefulness of TIS in a clinical 

or research environment. Research questions: 

How does the electrode placement affect the quality of the generated signals? 

What are the limitations of the hardware and the configuration? 

 

In this thesis, Chapter 2 contains the theoretical background of TIS and the phenomena 

that make it possible. Additionally, the basics of neurology and analytical methods were 

introduced. Chapter 3 describes the materials and methods, including the stimulator, 

measurement tools, and simulation procedures. Chapter 4 reports the simulation and 

measurement results. Chapter 5 discusses the findings, and Chapter 6 concludes and 

summarizes the thesis. 
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2.  THEORETICAL BACKGROUND 

2.1 Electric fields generated by current injection into volume 

conduction 

The human tissue can conduct electricity. When an electrode is emitting electric current, 

it will spread through the volume of the tissue. This phenomenon is called volume con-

duction (Ines R. Violante, 2023); (Jaakko Malmivuo, 1995). In the neuronal tissue, the 

electric field is distributed to satisfy charge conservation (Robert Plonsey, Bioelectricity: 

A Quantitative Approach). Neuronal tissues can be modeled as a conducive medium 

occupying a three-dimensional domain. Finite Element Modelling (FEM) is a very im-

portant and advantageous tool for predicting patterns and optimizing. FEM is a numerical 

technique that provides approximate solutions to partial differential equations. It is de-

signed for problems that include geometrical space to be subdivided into a finite number of 

small regions (Boccaccio, 2016).  Th is  appr oach  i s  pa r t i cu l a r l y  useful for optimiz-

ing stimulation protocols, maximizing the therapeutic effects, and exploring the new ap-

plications of TIS (Zhiqiang Zhu, 2023). 

2.1.1 Stimulation and modulation of the neurons by electric field-induced 

electric field interference 

TIS is an innovative technique that is used in the field of non-invasive neuromodulation. 

This technique aims to selectively stimulate deep brain areas without activating cortical 

regions. TIS utilizes high-frequency electrical fields (> 1000 Hz) (Grossman, 2017). The 

core principle behind TIS is the electrical interference of two or more high-frequency si-

nusoidal electric fields, emitted by electrode pairs. The fields are high-frequency fields that 

are set at slightly different frequencies; usually, the difference is 10 Hz (Zhao, 2023). With 

this technique, different regions of the brain can be selectively modulated. This technique 

enables depth-specific neuronal activation, which could help with neurological diseases 

(Grossman, 2017).  Although there is no clear evidence, it would be an immense opportunity 

to modulate a population of neurons (Sonnier, 2000). Because neurons behave as low-pass 

filters, they filter out the very high frequencies and respond only to low frequencies. This 

is why electrical interference is useful; the high frequencies can penetrate through the skull, 

and the slower envelope frequency, the beat frequency, can modulate the neuronal activ-

ity (Mirzakhalili, 2020). 
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2.1.2 Electrical interference and the envelope effect 

The envelope effect is the basic physical phenomenon of TIS. It occurs when at least two 

sinusoidal signals interfere, and the interference creates the beat frequency, as shown in Fig-

ure 1. The mathematical representation of the electrical interference: The general equa-

tion for a modulated signal is: 

                                                               𝑥(𝑡) =  𝐴(𝑡) ∗  𝑐𝑜 𝑠(𝜔𝑐𝑡) + 𝜑(𝑡)                                         (1) 

 

Where: 

- x(t): time 

- A(t): time-dependent amplitude of the signal 

- cos: cosine function 

- ωc: angular frequency 

- 𝜑: time-dependent phase 

For standard Amplitude Modulation (single-tone, the modulation signal is a single sinusoidal 

wave):                                                                                                                                                                                   

                                                          𝑥(𝑡) = 𝐴𝑐[1 + 𝑀𝑖𝑐𝑜𝑠(𝜔𝑚𝑡)]𝑐𝑜𝑠(𝜔𝑐𝑡)                                     (2) 

Where:  

- Ac: carrier amplitude 

- Mi: modulation index 

- ωm: angular frequency of the modulating signal 

- ωc: angular frequency of the carrier signal 

Equations 1 and 2 explain that the carrier’s wave amplitude and/or phase can vary over time 

according to the modulation signal. For TIS, amplitude modulation creates the low-fre-

quency envelope that neurons can respond to. 
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When two waves collide and create an interference, the resulting signal is the sum of the 

two individual waves and can be written as shown in Equation 3: 

 

    𝑥(𝑡)  =  𝐴𝑐𝑜𝑠(𝜔1𝑡)  +  𝐴𝑐𝑜𝑠(𝜔2𝑡)                                       (3)                                                                          

Where: 

- ω1: angular frequency 1 

- ω2: angular frequency 2 

Physically, this means that the amplitude of the signal is not constant but fluctuates over 

time, creating regions of advantageous and disadvantageous interference. When the two 

waves are in phase, their amplitudes add constructively, producing a maximum. When 

they are out of phase, partial or complete cancellation occurs, producing a minimum. 

This periodic variation in amplitude is perceived as the envelope of the signal. 

When the currents overlap within the volume conductor of the neural tissue, they produce 

a waveform consisting of a high-frequency carrier component at approximately the aver-

age frequency, shown in Equation 4, and a slowly varying amplitude envelope at the 

difference frequency, shown in Equation 5. 

                                                                                 
𝑓1  +𝑓2

2
                                                                           (4)                                                                 

 

                                                                                 |𝑓2  − 𝑓1|                                                                      (5)                                                                      

Where:  

- f1: first frequency 

- f2: second frequency  (Proakis, 2001). 
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Because the neuronal membranes filter low frequencies, neurons do not respond to the 

high-frequency carrier components but can respond to the slow envelope modulation 

(Yun-Yu Li, 2026). Therefore, the effectiveness of TIS in modulating neural excitability 

arises primarily from this envelope rather than from the higher-frequency carriers them-

selves (Sumientra Rampersad, 2019). 

2.2 TIS 

TIS utilizes a low-frequency envelope, generated by two sinusoidal waves, so it can target 

the deeper regions of the brain (Grossman, 2017). This effect was also analyzed in vitro 

and in vivo. Because the brain consists of several types of neurons that have different 

excitability properties, understanding the mechanism and effects of TIS presents many 

challenges (Mirzakhalili, 2020). Several approaches have been developed to evaluate 

whether TIS effectively induces neuronal activation. The effectiveness of TIS can be pre-

dicted through mathematical modelling as well as validated by physical experiments. 

Mathematical modelling supports theoretical understanding of the mechanism, but bio-

logical experiments are required to determine physiological effects (Zeinab Esmaeilpour, 

2021). In addition, TIS can be selective and steerable. It means that one part of the brain 

Figure 1. Envelope effect generated by the temporal interference of two signals at 653 

(A) Hz and 643 (B) Hz. The resulting low-frequency modulation (10 Hz) (C) appears as 

a smooth envelope. 
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can be stimulated (Peng, 2025). Besides, microelectrode arrays (MEA) were invented to 

study the behavior of the neurons. With this method, multiple electrodes can be used to 

enable observing the development of neurons in a controlled environment (Hales, 2010). 

Because the neuronal membranes filter low frequencies, neurons do not respond to the 

high-frequency carrier components but can respond to the slow envelope modulation. 

Therefore, the effectiveness of TIS in modulating neural excitability arises primarily from 

this envelope rather than from the higher-frequency carriers themselves (Sumientra 

Rampersad, 2019). 

2.3 Neurons 

Neurons are the basic units of the nervous system and control several functions of the hu-

man body (Kianianmomeni, 2016), as shown in Figure 2. Their main function is to carry and 

process information between the different parts of the brain, in the spinal cord, and 

throughout the entire body. The death of neurons can lead to several diseases. For 

example, the death of neurons that produce the neurotransmitter dopamine can lead to 

Parkinson’s (NINDS, 2024). 

 

 

Figure 2. Pyramidal neurons in the central nervous system. It represents the three 

main part of the cell: dendrites, soma and the axons Created with Biorender.com 

(2026) https://app.biorender.com/biorender-templates/details/t-

6327c1aa42cadb216764c09d-icon-pack-ne  

 

https://app.biorender.com/biorender-templates/details/t-6327c1aa42cadb216764c09d-icon-pack-ne
https://app.biorender.com/biorender-templates/details/t-6327c1aa42cadb216764c09d-icon-pack-ne
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Figure 3. The image shows the structure of myelin and how it covers the axon. The fig-

ure is created with the template BioRender (2026). myelination https://app.bioren-

der.com/biorender-templates/details/t-625d7fafdf4f9ba318a1e991-remye-

lination/?source=gal 

 

Presynaptic neurons release neurotransmitters that activate postsynaptic receptors and 

influence action potential generation, as presented in Figure 4. If this process is malfunc-

Figure 4. The architecture of the synapses. The image shows the direction of the ac-

tion potential and the participants of the process. The figure is created with the tem-

plate BioRender (2026) Chemical Synapse: Steps of Synaptic Transmission  

https://app.biorender.com/biorender-templates/details/t-6058d4705e753600a05fabc4-

chemical-synapse-steps-of-synaptic-transmission/?source=gallery 

https://app.biorender.com/biorender-templates/details/t-625d7fafdf4f9ba318a1e991-remyelination/?source=gal
https://app.biorender.com/biorender-templates/details/t-625d7fafdf4f9ba318a1e991-remyelination/?source=gal
https://app.biorender.com/biorender-templates/details/t-625d7fafdf4f9ba318a1e991-remyelination/?source=gal
https://app.biorender.com/biorender-templates/details/t-6058d4705e753600a05fabc4-chemical-synapse-steps-of-synaptic-transmission/?source=gallery
https://app.biorender.com/biorender-templates/details/t-6058d4705e753600a05fabc4-chemical-synapse-steps-of-synaptic-transmission/?source=gallery
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tioning in any way, serious diseases, like Parkinson’s, can arise, though the whole mecha-

nism is not fully understood yet (Sheffler, 2025). The myelin sheath electrically insulates ax-

ons and increases the speed of neuronal signal transmission through rapid conduction 

(NINDS, 2024). 

As shown in Figure 3, the myelin sheath consists of multiple layers that wrap around 

the axon, insulating it and speeding up nerve signals. Myelination develops over time, 

guided by genetic and activity-dependent processes rather than simply following brain 

growth. Multiple sclerosis is an autoimmune disease in which the immune system at-

tacks the myelin, disrupting nerve signaling and causing neurological problems (Fields, 

2008). 

2.3.1 A mathematical model of a neuron 

The neuronal cell membrane can be represented as a capacitor. The lipid bilayers corre-

spond to the two plates of a capacitor. The space between the plates represents the in-

sulating lipid layer, while charged ions accumulate on the inner and outer surfaces of 

the membrane, creating an electrical potential, as shown in Figure 5 (Zhang, 2023). 

 

The cell membrane acts as the plate of a capacitor, and the ion channels can be mod-

elled as resistors (RNa, RK, RL). A simple circuit can describe the electrical properties of 

a neuron. In addition, there are several models to describe the neuron. The Hodgkin-

Huxley model corresponds to the electrical components (Srinivasan, 2021). These ion 

channels allow sodium (Na+), potassium (K+), and a leak current to pass, each driven by 

Figure 5. The Hodgkin–Huxley model of a neuron. (A) The gates of a neuron. (B) The 

components of the neuron corresponding to electrical elements (e.g., capacitance rep-

resented as a battery). Created with BioRender. https://app.biorender.com/biorender-

template  

 

https://app.biorender.com/biorender-template
https://app.biorender.com/biorender-template
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distinct Nernst potentials (ENa, EK, EL), depicted as batteries in the model that drive the 

ions through the channels (Ohara, 2026). 

 

For signal transmission, the action potential is crucial because it is the primary way 

they communicate. An action potential is a rapid, transient shift in the neuron’s mem-

brane potential caused by the opening and closing of voltage-gated ion channels. This 

process allows electrical signals to propagate along the axon and transmit information to 

other neurons, as shown in Figure 6.  

 

The mechanism of the action potential starts with the resting potential, where the po-

tential is around -70 mV. At this stage, the ion concentration is unequal across the 

membrane, with high Na+ outside the cell and high K+ inside the cell. The membrane po-

tential is negative because high potassium permeability allows K ions to diffuse out of the 

cell, leaving the inside negatively charged. The voltage-gated Na+ and K+ channels are 

closed (Kandel, 2013). At rest, the sodium and potassium channels are closed. When 

the membrane reaches threshold, sodium channels open, sodium enters the cell, and 

this causes the membrane to depolarize. As a result, the membrane potential becomes 

Figure 6. A diagram that depicts action potential evoked by a stimulus: depolarization, 

repolarization, refractory, and resting state. The figure is created with the template   

BioRender (2026) https://app.biorender.com/biorender-templates/details/t-66018fe  

Hyperpolarization 

https://app.biorender.com/biorender-templates/details/t-66018fe
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more positive. The membrane potential reaches the +30 mV peak, and the sodium chan-

nels start to close. The sodium channels are inactive, and the potassium channels 

begin to open. For the neuron to fire an action potential, the membrane has to reach the 

threshold potential, which is around -55 mV. Without it, the action potential will not hap-

pen. Hence, an action potential is described as an “all-or-nothing” phenomenon. When 

it reaches its peak, called overshoot, the repolarization process begins. The potassium 

channels stay open briefly, causing the membrane potential to fall below the resting level. 

Potassium channels remain open briefly, causing the membrane potential to fall below 

the resting level, a phase known as hyperpolarization. During the refractory period, the 

membrane potential gradually returns to the resting potential (Grider, 2025). 

Ion channel dynamics during spike generation are influenced by the probabilities of the 

ion channels being open or not. They dynamically control the voltage-dependent con-

ductance of sodium and potassium. The Hodgkin-Huxley model can stimulate a spike train, 

as Figure 7 shows. A spike train is a sequence of discrete action potentials that reflects 

a neuron’s temporal pattern of activity (Dabrowski, 2013). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The spike train: it represents the firing of neurons one after another. The fig-

ure was generated with Python. 
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2.4 Digital Signal Processing (DSP) 

 DSP is the manipulation and analysis of digital signals (Alan V. Oppenheimer, 1989). The 

techniques used by DSP are used to analyze, modify, or optimize the signal. Several key 

concepts of DSP were used during the analysis of the measured signals (Proakis, 2001). 

2.4.1 Amplitude modulation index (MI)  

This metric indicates the extent to which the carrier frequency is modulated by the mod-

ulating signal. The definition is the following: the ratio of the amplitude of the modulating 

signal to the amplitude of the carrier signal, as shown in Figure 8 (Poole, 2025). 

 

The amplitude of the modulating signal Am can be calculated from the maximum and 

minimum amplitudes of the modulation envelope using Equation 6: 

𝐴𝑚  =  
𝐴𝑚𝑎𝑥   −  𝐴𝑚𝑖𝑛

2  
                                                                        (6) 

The carrier amplitude Ac is obtained from Equation 7: 

 

𝐴𝑐  =  𝐴𝑚𝑎𝑥  −  𝐴𝑚                                                                         (7) 

 

 

 

Figure 8. Calculation of modulation index: shows the parameters of the calculation 
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Substituting Equation 6 into Equation 7 gives Equation 8: 

→   𝐴𝑐  =  𝐴𝑚𝑎𝑥  − 
𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛  

2
    =  

𝐴𝑚𝑎𝑥 + 𝐴𝑚𝑖𝑛

2
                             (8) 

 

Using the amplitudes defined above, the MI is calculated using Equation 9: 

                𝑀𝑖  =  
𝐴𝑚

𝐴𝑐
  =  

𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛

𝐴𝑚𝑎𝑥 + 𝐴𝑚𝑖𝑛
                       (9)                                           

 

Where: 

- Amax is the maximum amplitude of the modulated signal, the highest observed 

amplitude of the modulation envelope 

- Amin is the minimum amplitude of the modulated signal, the lowest amplitude of 

the same cycle (Electronics, 2018). 

 

Where: 

- Amax: maximum amplitude of the modulated wave 

- Amin: minimum amplitude of the modulated wave 

- Am: peak amplitude of the modulating signal, defined as 

The modulating signal amplitude Am is determined using Equation 10:   

                                 𝐴𝑚  =  
𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛

2
                       (10) 

    

- Ac: amplitude of the unmodulated carrier signal, defined as 

The carrier amplitude Ac is calculated according to Equation 11: 

𝐴𝑐  =  
𝐴𝑚𝑎𝑥 +  𝐴𝑚𝑖𝑛

2
                   (11) 

                                  

 

The value of the MI falls between 0 ... 1. Depending on the value, the MI has three 

categories: perfect, under, and over modulation. 

The modulation is perfect if the value is 1. This type of modulation does not cause dis-

tortion. 
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The under-modulation occurs when the maximum amplitude of the modulating signal is 

less than the maximum amplitude of the carrier signal. The MI is less than 1. This phe-

nomenon also does not cause distortion. 

The third possibility is when the signal is over-modulated. It happens when the maximum 

amplitude of the message signal or modulating signal is greater than the maximum am-

plitude of the carrier signal. The MI is over 1. In this case, a severe distortion occurs, 

resulting in data loss (Electronics, 2018). 
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3. MATERIALS AND METHODS 

This chapter presents all the materials and methods that were used during the study.  

This includes the hardware, materials, and software that were utilized, as well as the 

methods that were used during data analysis.  

3.1 Hardware and Software 

The hardware that was used during the experiments was chosen to ensure accurate, 
stable, and reliable measurements. 

3.1.1  The cap 

 

The cap shown in Figure 9 was designed to fit the selected well (35mm culture dish, 

VWR). It was fabricated from resin with a 3D resin printer. The design includes 21 holes 

with 1 mm diameter for the electrodes, 5mm apart. For printing, the resin printer (Form 

3B, Formlab) was used with the accompanying wash and cure. After printing the cap, it 

was placed in the wash filled with isopropanol for 10 minutes, then the supports were 

cut. Then it was taken off the sample holder and placed in the cure machine (Formlab) 

for 30 minutes at 60 °C. Because the holes were not wide enough, the electrodes could 

not be led through the holes. Therefore, the holes were drilled with a drill. The layout of 

the cap: the columns are represented by capital letters from A-E, and the rows are rep-

resented by numbers from 1-5. 

Figure 9. The cap. (A): The printed cap is made from resin. (B): the SolidWorks file of 

the well. The coordinates of the cap: as the figures show, the columns were marked 

with capital letters and the rows with numbers. The diameter of the cap is 36.3 mm 
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3.1.2 Oscilloscope 

 

The measurement of signals of electrical interference was performed using a digital oscil-

loscope (MP720665, Farnell) (Multicomp Pro / Premier Farnell, 2025). The parameters 

of the oscilloscope are presented in Table 1. It supplies a real-time picture of what hap-

pens inside the system and other important parameters, such as the amplitude and phase 

(Hickman, 2000). 

 

Table 1. The parameters and settings of the digital oscilloscope 

 

3.1.3 DC current stimulator 

 

Parameter Value 

Oscilloscope model Multicomp Pro MP720665 digital oscilloscope 

Supplier Farnell 

Oscilloscope bandwidth 200 MHz 

Maximum sampling rate 1 GS/s 

Sampling time 50 kHz 

Probe attenuation 10 x 

Input impedance 10 MΩ 

Chanel used Channel 1 

Offset 0 V 

Figure 10. DC current stimulator by neuroConn. Via an anode-cathode pair, the stimu-

lation signal can be transferred (neuroConn, 2025) 
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The current DC stimulator shown in Figure 10 (0021, neuroconn) provides a constant current 

source for the stimulation. Also, it provides steady waves for stimulation via eight 

anode-cathode pairs. This device is used in general in both research and medicine  

(neuroConn, 2025). 

A DC current stimulator is generally used for non-invasive brain stimulation research. 

The DC-Stimulator MC by neuroConn is a programmable constant-current electrical 

stimulator designed for non-invasive brain stimulation techniques, the parameters are 

presented in Table 2. These techniques apply weak electrical currents through elec-

trodes placed on the scalp to modulate neuronal activity. 

The main advantage is that it can provide controlled and stable electrical currents that 

can be delivered to the biological tissues through the electrodes.  

 

Table 2. The parameters of the DC current stimulator from neuroConn  

(neurocaregroup, 2026) 

 

3.1.4 Software 

The thesis also contains a simulation. For that task, COMSOL Multiphysics 6.3 was 

used. This software can model, simulate, and analyze complex physical systems. It is 

based on FEM and uses partial differential equations to solve problems in electromag-

netic fields, electric currents, heat transfer, etc.  

The software allows the coupling of multiple physical processes within the same model, 

enabling multiphysics simulations where several physical effects interact simultaneously. 

Parameter Description 

Channels 

4 / 8 programmable, microprocessor-
controlled constant current sources 
with independent channels (optional: 
16 channels) 

Stimulation Modes 

tDCS (transcranial direct current stim-
ulation), tACS (transcranial alternating 
current stimulation), CES (cranial 
electrical stimulation), GVS (galvanic 
vestibular stimulation), tRNS (tran-
scranial random noise stimulation) 

Current Strength Adjustable up to ±4,000 µA 

AC Current Strength 
Adjustable up to 8,000 µA (peak-to-
peak) 
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The software was used in this thesis to simulate the electrical field distribution generated 

by the stimulation setup. 

The finite element simulation can evaluate the spatial distribution of the electric field, the 

interaction of multiple stimulation signals, the effects of interference patterns of several 

signals, and the influence of the materials and geometry of the electrodes, the well, and 

the medium (COMSOL, 2026). 

3.2 Materials 

3.2.1 3D printer material  

The cap was printed with resin (Clear Resin 4.0., Form-lab). The material is chosen for 

several reasons. The Young’s modulus is 2.8 GPa, which means that the material is stiff 

and will resist deformation (Formlabs, 2025). 

3.2.2 In vitro medium 

 

The well was filled with phosphate-buffered saline (PBS) (14190-144, Gibco). (Thermo 

Fisher Scientific / Gibco, 2025). 

It is a water-based salt solution that is used for several cell culture applications. 

This material is widely used in in vitro biomedical experiments because it mimics the 

ionic conditions of physiological fluids. In addition, it provides a stable, conductive me-

dium for biological samples.  

PBS contains dissolved ions such as Na⁺, K⁺, Cl⁻, and phosphate, which allow an electric 

current to distribute through the solution in a controlled way. Because of this ionic com-

position, PBS exhibits electrical conductivity similar to physiological environments, ena-

bling realistic modelling of electric field propagation during stimulation experiments 

(Vitalij Novickij, 2020). 

In this context, PBS acts as a volume conductor, in which electric currents distribute 

continuously through the medium; therefore, the electric field can spread as in a biolog-

ical tissue. 
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3.2.3 Electrode material 

 

For the electrodes (the stimulation and measurement electrodes as well), silver rods 

were used. Silver is known for its high electrical conductivity, chemical stability, and 

mechanical rigidity, which prevents deformation during the experiment. (Shinwari, 2010). 

Also, it generates low noise and provides low skin-electrode impedance, which ensures high 

conductivity (Albulbul, 2016). 

3.3 The experiment and simulation 

3.3.1 Experimental design/setups 

The setup of the experiment shown in Figure 11 consists of the following components: the 

stimulation and measurement electrodes, oscilloscope, DC current stimulator, monitor, 

and a well filled with conductive solution (PBS). 

 

Figure 11.  The setup of the experiment. It consists of the oscilloscope, the DC current 

stimulator, the monitor, and the well. The DC current stimulator is connected to a moni-

tor. The DC stimulator provides the two sinusoidal waves via an anode-cathode pair. 

 

DC current stimulator is connected to the monitor, so signals can be triggered via the 

software. Two sets of electrodes are plugged into the stimulator. One channel consists of 
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two outputs; they are an anode-cathode pair. The first channel emits a sinusoidal 653 Hz, 

and the second channel emits a sinusoidal 643 Hz. At the end of the stimulation wires, silver 

electrodes are soldered. In addition, there is a digital oscilloscope that measures the effect 

of the signals. The six electrodes were placed in the PBS-filled well, almost reaching the 

bottom of the well. The two measurement electrodes are attached to the oscilloscope’s 

probes. 

3.3.2 The layouts of the measurements 

Different measurements are shown in Figure 12; setups were created to analyze the 

behavior of the electrical interference. The layouts were arranged to achieve the greatest 

possible variation in the distance between the stimulation electrodes. The measurement 

electrodes were set up so that all possible distances between the electrodes could be tested. 

Furthermore, the spacing between the electrode pairs delivering 653 Hz and 643 Hz sig-

nals was maximized in variation. 

 

Figure 12. The five layouts of the measurement. (A) Layout 1: electrode placement A2 

A3 E2 E3 (B) Layout 2: electrode placement: A2 A4 E2 E4 (C) Layout 3: electrode 

placement:  B1 B5 D1 D5 (D) Layout 4: electrode placement: B2 B4 D2 D4  

 (E) Layout 5: electrode placement: B3 C2 D2 C4                    
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Table 3. The summary of the five layouts and the distances between the electrodes 

Setup 

Stimula-

tion Elec-

trodes 

Measure-

ment Elec-

trode 

Pairs 

Distance 

(653 Hz 

pair) 

Distance 

(643 Hz 

pair) 

Distance 

Between 

Electrode 

Pairs 

Layout 1 
A2–A3, 

E2–E3 

B2–B3, 

C2–C3, 

D2–D3 

5 mm 5 mm 20 mm 

Layout 2 
A2–A4, 

E2–E4 

B2–B4, 

C2–C4, 

D2–D4, 

B1–B5, 

D1–D5 

10 mm 10 mm 20 mm 

Layout 3 
B1–B5, 

D1–D5 

B2–D2, 

B3–D3, 

B4–D4, 

C1–C5 

20 mm 20 mm 10 mm 

Layout 4 
B2–B4, 

D2–D4 

B3–D4, 

C2–C4, 

C1–C5 

10 mm 10 mm 10 mm 

Layout 5 
B3–C2, 

C4–D3 

A2–A4, 

B2–B4, 

D2–D4, 

E2–E4, 

C1–C5 

7.07 mm 7.07 mm 7.07 mm 

 

Table 3 shows the distances between the stimulation electrodes per Layout.  
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To obtain electrical interference, two sinusoidal waves were used: 653 Hz and 643 Hz. 
Those signals were generated by the TIS stimulus generator with the following settings, 
as shown in Table 4:  

 

Table 4. Settings of the DC current stimulator 

Parameter Value 

Stimulation Type 
tACS (transcranial alternating current 
stimulation) 

Magnitude 4000 µA 

Offset 0 µA 

Phase 0° 

Duty Cycle 0% 

 

 

 

 

 

 

 

 

Figure 13. The sinusoidal waves: 653 and 643 

Hz were used for electrical interference. 
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3.3.3 Simulation with COMSOL 

After consulting with the manufacturer of the DC stimulator, four cases were de-

fined. The goal is to conclude which of the four schemes should be used in the 

designed in vitro system. The layout is displayed in Figure 14, and the summary 

table in Table 5. 

 

 

 

 

Figure 14. The layout of the four cases in COMSOL simulation (A) Case 1, 

Voltage source 1-2, Ground 1-2, (B) Case 2, Voltage source plus 1-2, Voltage 

source minus 1-2, (C) Current source 1-2, Current sink 1-2, (C) Case 4 Current 

source plus 1-2, Current source minus 1-2 
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Table 5. The summary table of simulation layout 

 Place 1 Place 2 Place 3 Place 4 

Case 

1 

Voltage 

source 1 

Volage source plus 1 Current 

source 1 

Current source plus 1 

Case 

2 

Voltage 

source 2 

Volage source plus 2 Current 

source 2 

Current source plus 2 

Case 

3 

Ground 1 Volage source minus 

1 

Current 

sink 1 

Current source minus 1 

Case 

4 

Ground 2 Volage source minus 

2 

Current 

sink 2 

Current source minus 2 

 

The four cases have common parameters. All four cases have the same layout, containing 

four circles that represent the electrodes, grounds, and current sinks. 

The layout includes 84 measurement points, with 5 mm distances, as shown in Figure 

15.  

 

 

 

 

 

 

 

 

 

Figure 15. The two layouts for the COMSOL simulation. (A) The simulation layout for 

the four cases, which contains 13 measurement points. The points were grouped for an 

inner and outer circle. The inner ring, marked with blue circles (29, 42, 44, 57), the 

outer ring (at Point 11, 14,17,40,46,69,75), marked with green circles. (B) The layout 

that is used for comparison with the in vitro measurements. 

Simulation for all four cases Comparison

A B 
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Table 6. The parameters used in the COMSOL simulation. These parameters were 

used in all cases. 

Parameter Values 

Relative permittivity 78.5 

Electrical conductivity 1.6 

Density 1000 

Dynamic viscosity 0.001 

Thermal conductivity 0.6 

Heat capacity 4180 

Conductivity 1.6 

 

Figure 16 and Table 6 show the global definitions of the four cases in COMSOL. The 

parameters were used for all cases because the values of the PBS are constant. 

Figure 16. The global parameters for all four test cases. These parameters were used in 

all four cases during the simulations. 
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The component is a fundamental building block in COMSOL. As Figure 17 shows, it 

contains the Geometry, Materials, Physics interfaces, Mesh, Definitions, and Multiphysics 

nodes. 

 

 

 

 

Figure 17. The four components of the COMSOL simulation. The components consist 

of the geometry and the physical properties of the cases. 
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For all cases, the Physics are different, tailored for each individual case.  

The sampling interval was determined by the two applied frequencies. Because the sam-

pling times are calculated as 1/f, and this value for 643 and 653 Hz is around 0.0015, the 

sampling time became 0.0015 s. 

The studies for the cases used time-dependent solvers and stationary steps when nec-

essary. The time-dependent solver was used because the electrical interference was ex-

amined over time. The stationary solver was used to eliminate singularity errors: the 

stationary solver “ramps up” the calculation so that the simulation can be executed 

(COMSOL, 2016). 

 

A COMSOL study is the step where the software actually solves the physics model nu-

merically and produces results, as seen in Figure 18.  

 

 

 

 

 

 

 Figure 18. The four components of the COMSOL simulation. The components consist 

of the geometry and the physical properties of the cases. 
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3.3.4 Processing measured data 

 

Mean Squared Error (MSE) 

 

 MSE is a standard metric in signal processing and envelope analysis that quanti-

fies the average squared deviation between the observed signal and the fitted envelope 

model. The mathematical definition of the MSE is presented in Equation 12: 

                     𝑀𝑆𝐸 =  
1

𝑁 
 ∑ (|𝑥𝑖|  −  |𝑒𝑖̂|)

2𝑁
𝑖=1                  (12)

    

Where:  

- |𝑥𝑖| is the absolute value of the measured (raw) signal at time point i 

- 𝑒𝑖̂  is the value of the Hilbert-derived envelope at the same time point 

- N is the total number of samples (Oppenheim & Schafer, 2009) 

 

Normalized Mean Squared error (NMSE) 

 

In the COMSOL simulation, the values of MSE sometimes become enormously large 

(10⁴⁰–10⁵⁰) because of squaring large numbers. This makes direct comparison across 

your different cases, electrode pairs, or simulation rounds impossible and misleading. To 

solve this problem, NMSE is used, so it can be determined how large the error is relative 

to the signal, the calculation is presented in Equation 13. 

 

NMSE divides the raw error by the power MSE of the signal itself, which is calculated as 

follows: 

NMSE =  
𝑀𝑆𝐸 

𝑃𝑥
 =  

∑(|𝑥𝑖| − 𝑒𝑖)2

∑|𝑥𝑖|2         (13) 
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Where: 

- |𝑥𝑖| is the absolute value of the measured (raw) signal at time point i 

- 𝑒𝑖̂ is the value of the Hilbert-derived envelope at the same time point 

(Kozhamkulova Fatima, 2024) (Matlab, 2026) 

 

Hilbert Transform 

 

The Hilbert Transform is a fundamental tool in signal processing used to extract the in-

stantaneous amplitude envelope of a signal (Nia, 2024). In the context of temporal inter-

ference stimulation, it plays a critical role in isolating the low-frequency envelope gener-

ated by the interference of two high-frequency carriers (Violante, 2023). 

 The mathematical definition of the Hilbert Transform, presented in Equation 14: 

            𝑥̂(𝑡)  =  
1

𝜋 
 Ρ ∫

𝑥(𝜏)

𝑡 − 𝜏
𝑑𝜏

∞

−∞
                       (14) 

 

Where: 

- P is the Cauchy principal value 

- 𝑥̂(𝑡) 

- t is the current time 

- τ is integration variable 

- 
1

𝜋 
  is a scaling factor (Ulrich, 2006) 

 

Normality Test – The Kolmogorov-Smirnov method was used to check the distri-

bution (NIST/SEMATECH, n.d.) 
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COMSOL data  

  

In COMSOL, the two data sets were selected; see Figure 15. The set A is for the Set B, 

which is aligned with the measurement layout 2, so it can be used for the comparison. 

The data are derived from point evaluation. Point evaluation is a way to extract the value 

of a variable at a specific point in the model (COMSOL, 2023). 

In the model, Point 43 is in the middle of the well; therefore, this will be the comparison 

point for all the other simulation points.     

The electric field amplitude was calculated as follows:   

The electric field is a vector quantity. To quantify its strength independently of direction, 

its magnitude is computed using the Euclidean norm (Louviot Samuel, 2021). The elec-

tric field is calculated using Equation 15. 

|E| =  √𝐸𝑥
2 + 𝐸𝑦

2  +  𝐸𝑧
2                                                         (15) 

 

Because this is a 2D model, the third vector (z) is negligible; the calculation is presented 

in Equation 16.  

 

|E| =  √𝐸𝑥
2 + 𝐸𝑦

2                                                                                  (16) 

 

When comparing Case two with layout 2, the simulation calculates with voltage, there-

fore the simulation and the measurement can be compared.  

  

Measurement data  

 

 During the measurement, a digital oscilloscope was used. The oscilloscope measured 

the voltage in time and stored the data digitally.   

The data was processed in MATLAB. Because the DC current stimulator software sets 

up a ramp-up time when it comes to signal generation, the signal was trimmed.   
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4. RESULTS 

4.1 The results of the simulation with COMSOL 

 

Table 7. The results of the four simulation cases of MI and NMSE for all four test cases 

in COMSOL through all 13 measurement points. MI and NMSE are dimensionless 

quantities. 

 Case 1 Case 2 Case 3 Case 4 

Point MI NMSE MI  NMSE   MI  NMSE    MI  NMSE    

11 0.59294 0.43491 0.75435 0.41799 0.65931 0.52913 0.97059 0.86545 

14 0.25282 0.46875 0.79111 0.43611 0.28279 0.43792 0.97059 0.86545 

17 0.78615 0.44649 0.75289 0.41812 0.61432 0.48131 0.97059 0.86545 

29 0.47074 0.45888 0.6942 0.4484 0.62042 0.48216 0.97059 0.86545 

40 0.80441 0.43921 0.22379 0.44653 0.47319 0.45082 0.97059 0.86545 

42 0.84247 0.43926 0.888 0.39923 0.64673 0.49905 0.97059 0.86545 

43 0.82609 0.45308 0.66731 0.44074 0.47933 0.29839 0.97059 0.86544 

44 0.77906 0.43504 0.88631 0.39923 0.65931 0.52913 0.97059 0.86545 

46 0.80549 0.44197 0.22381 0.44653 0.47994 0.30015 0.97059 0.86544 

57 0.45887 0.45702 0.67566 0.41643 0.64646 0.49905 0.97059 0.86545 

69 0.52342 0.46031 0.70298 0.45337 0.4667 0.50094 0.97059 0.86545 

72 0.24204 0.45698 0.75266 0.42304 0.25647 0.42691 0.97059 0.86544 

75 0.70196 0.44298 0.70253 0.45337 0.52906 0.48756 0.97059 0.86545 
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Table 7 presents the MI and the NMSE for all cases of COMSOL simulation through 13 

measurement points. 

In Case 1, the MI’s range is between 0.24204… 0.84247.  On the other hand, the NMSE 

is under 0.5. The points around Point 43 (29, 42, 44, 57) overall show a lower MI 0.446 

… 0.616.  In the outer ring (at Point 11, 14,17,40,46,69,75) the MI also varies between 

0.25282 … 0.82609.  

In Case 2, the MI’s range is between 0.22 …  0.89, the MSE range is also under 0.5. 

The points around Point 43 (29, 42, 44, 57) overall show a lower MI 0.67566… 0.888.  In 

the outer ring at Point 11, 14,17,40,46,69,75 the MI also varies between 0.22379 … 

0.79111. 

In Case 3, the values of MI are lower, between 0.25 … 0.66., the signal varies less than 

in Case 1 and 2. The NMSE is in some cases over 0.5. 

 

 

Case 1, Point 42 Case 2, Point 42

Case 3, Point 44 Case 4, Point 43

Figure 19. The four simulation cases, with the highest modulation value (A): Case 1, 

(B) Case 2, (C) Case 3, (D) Case 4 

A B 

C D 
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In Case 4, the MI is almost constant, ~0.97, and the MSE is still relatively low, around 

~0.86545. The spatial distribution of Cases 1 – 3 is not even varies through the meas-

urement points. However, in Case 4, spatial homogeneity is displayed. In Figure 19 the 

highest Mis are displayed in every case: 

Case 1, the voltage-driven case, displays smooth oscillation; the envelope follows the 

signal. In Case 2, a voltage-driven system as well has a clearer dominant peak; the en-

velope closely tracks the signal as well. Case 3 and Case 4 show that the current-driven 

systems exited the medium in a non-smooth, impulse-like way. In Case 4, an impulse-

like response can be observed that artificially evaluates the MI.  

Figure 19 presents the highest modulation indices obtained for each case at each meas-

urement point. The highest modulation indices are in Points 42, 43, 44, which are located 

on the middle axis of the model. 
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Figure 20. Electric potential of the four cases of the simulation (A) Case 1, (B) Case 2, 

(C) Case 3, (D) Case 4 

 

The electric potential for all four cases is shown in Figure 20. The plots show in Cases 

1, Cases 2, and 3 that the lines of the electrical force are well-defined, unlike in Case 4. 

Also, the first 3 cases’ plots show well-defined dipole patterns. On the other hand, in 

Case 4, the plots show the homogeneity of the electric field. 
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Figure 21. The electric field of the four cases of the simulation (A) Case 1, (B) Case 2, 

(C) Case 3, (D) Case 4 

 

The electric field is shown in Figure 21. In Case 4, the morphology is completely differ-

ent, localized peaks around the electrodes, but the structure of an electric filed disap-

peared.  
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Table 8. Analysis of the simulation values, using point 43 as the reference: positive val-

ues mean the point performs better than Point 43 MI and NMSE are dimensionless 

quantities. 

 

Point 
Case 1 
MI 

Case 1 
NMSE 
(Δ from 
43) 

Case 2 
MI 

Case 2 
NMSE (Δ 
from 43) 

Case 3 
MI 

Case 3 
NMSE 
(Δ from 
43) 

Case 4 
MI 

Case 4 
NMSE 
(Δ from 
43) 

11 
0.593 
0.233 

0.434 -
0.764 

0.754 
0.087 

0.41799 
−0.0227 

0.659 
0.180 

0.5291 
0.2308 

0.9706 
0.0000 

0.8654 
0.0000 

14 
0.253 -
0.573 

0.468   
-3.73 

0.791 
0.124 

0.43611 
−0.0046 

0.283        
-0.197 

0.4379 
0.1396 

0.9706 
0.0000 

0.8654 
0.0000 

17 
0.786    
-0.040 

0.446   
-3.753 

0.753 
0.086 

0.41812 
−0.0226 

0.614 
0.135 

0.4813 
0.183 

0.9706 
0.000 

0.8654 
0.0000 

29 
0.471   
-0.355 

0.458   
-3.741 

0.694 
0.027 

0.44840 
0.00766 

0.620 
0.141 

0.4822 
0.1839 

0.9706 
0.0000 

0.8654 
0.0000 

40 
0.804   
-0.022 

0.439     
-3.760 

0.224 -
0.443 

0.44653 
0.00579 

0.473   
-0.006 

0.4508 
0.152 

0.9706 
0.0000 

0.8654 
0.0000 

42 
0.842 
0.016 

0.4393  
-3.760 

0.888 
0.221 

0.39923 
−0.0415 

0.647 
0.168 

0.4991 
0.2008 

0.9706 
0.0000 

0.8655 
0.0001 

43 
(ref) 

0.826 
0.000 

0.4531 
0.0000 

0.667 
0.000 

0.44074 
0.0000 

0.479 
0.000 

0.2984 
0.0000 

0.9706 
0.0000 

0.8654 
0.0000 

44 
0.779   
-0.047 

0.4350  
-3.7648 

0.886 
0.219 

0.39923 
−0.04151 

0.659 
0.180 

0.5291 
0.2308 

0.9706 
0.0000 

0.8654 
0.0000 

46 
0.805   
-0.021 

0.4420 
-3.7578 

0.224   
-0.443 

0.44653 
0.00579 

0.480 
0.001 

0.3002 
0.0018 

0.9706 
0.0000 

0.8654 
0.0000 

57 
0.459   
-0.367 

0.4570 
-3.7420 

0.676 
0.009 

0.41643 
−0.0243 

0.646 
0.167 

0.4991 
0.2008 

0.9706 
0.0000 

0.8654 
0.0000 

69 
0.523   
-0.303 

0.4603  
-3.7387 

0.703 
0.036 

0.45337 
0.01263 

0.466   
-0.013 

0.5009 
0.2026 

0.9706 
0.0000 

0.8655 
0.0001 

72 
0.242   
-0.584 

0.4570 
-3.7420 

0.753 
0.085 

0.42304 
−0.01770 

0.256   
-0.223 

0.4269 
0.1286 

0.9706 
0.0000 

0.8654 
0.0000 

75 
0.702   
-0.124 

0.4430 
-3.7560 

0.703 
0.035 

0.45337 
0.01263 

0.529 
0.050 

0.4876 
0.1893 

0.9706 
0.0000 

0.8655 
0.0001 

 

Table 8 represents the difference comparing every measurement point to Point 43.   

In Case 1, ΔMI ranges from −0.584 to +0.233, while ΔMSE ranges from approximately 

−0.018 to +0.016. Overall, both metrics vary moderately across spatial points. The cor-

relation between the two metrics is weak. The NMSE is overall around ~3.7, though the 

ΔMI changes in every point compared to Point 43. This indicates that while modulation 

changes are present, they do not have a significant impact on NMSE. 

In Case 2, the ΔMI interval has a wider range from −0.443 to +0.221, whereas ΔMSE 

remains nearly constant with very small deviations. Despite noticeable variation in MI, 
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there is no consistent relationship between ΔMI and ΔMSE. For instance, Point 42 (ΔMI 

+0.221) shows a slight improvement in MSE, but Point 40 (ΔMI −0.443) does not signif-

icantly degrade MSE. This suggests that modulation changes in this case do not mean-

ingfully influence error metrics. 

In Case 3, ΔMI changes between −0.223 and +0.180, and ΔMSE ranges from +0.0018 

to +0.2308, indicating a broader spread in error compared to previous cases. A direct 

relationship between the two metrics cannot be determined here as well. 

In Case 4, both ΔMI and ΔMSE are effectively constant across all points, with variations 

on the order of ±10⁻⁴ or less. This indicates no observable spatial variation in either mod-

ulation or error, which indicates a fully constrained system. 

The statistical analysis of the simulation carried out with normal distribution, the Kolmo-

gorov-Smirnov method, is represented by Table 9. 

Because the first two cases (Case 1 and Case 2) are voltage-driven simulations and the 

last two (Case 3 and Case 4) are current-driven, the cases were sorted into Group 1 and 

Group 2. The mean values and the standard deviations were calculated for these two 

groups. 
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Table 9. The statistical analysis of the COMSOL simulation data with Normality check: 

Kolmogorov-Smirnov test and the standard deviation (Sd) of the mean values for 

Cases 1-2 and Cases 3-4. 

Case 
K-S Normal-
ity p-value 
vs. Point 43 

Mean ± SD  

Case 1 0.4397 — 

Case 2 0.0760 — 

Case 3 0.5640 — 

Case 4 0.0000 — 

Group1       
Case1 + Case2 

— 0.6462 ± 0.2099 

Group2       
Case3 + Case4 

— 0.7474 ± 0.2465 

 

Table 9 represents the normality test showing the distribution of the 13 MI values. Cases 

1,2 and 3 show approximately normal distribution (p > 0.05). However, Case 4 shows a 

not normal (p = 0.0000) because all 13 values are almost identical (0.9706). The com-

parison of Cases 1-2 and Cases 3-4 shows a difference between the two groups. The 

first group has a lower MI value (0.6462) but is more stable (Std = ±0.2099) than Group 

2, where the MI value was (0.7474), but the standard deviation is ± 0.2465. 
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4.2 The results of the measurements 

Table 10. The results of the three rounds of measurements. The MI and NMSE are 

represented for every layout. MI and NMSE are dimensionless quantities. 

 

No. Layout 
Elec-
trode 
Pair 

MI 
round 
1 

NMSE 
round 
1 

MI 
round 
2 

NMSE 
round 
2 

MI 
round 
3 

NMSE 
round 
3 

1 A2_A4_E2_E4 B2 B4 0.2754 
180.92 

0.2509 
212.33 

0.2522 
216.63 

2 A2_A4_E2_E4 C2 C4 0.6853 
79.088 

0.6250 
80.578 

0.6561 
86.662 

3 A2_A4_E2_E4 D2 D4 0.2864 
162.06 

0.2982 
176.68 

0.2992 
170.57 

4 A2_A4_E2_E4 B1 B5 0.3268 
282.85 

0.3154 
323.72 

0.3190 
303.09 

5 A2_A4_E2_E4 D1 D5 0.3775 
242.26 

0.3883 
276.84 

0.3821 
263.6 

6 A2_A3_E2_E3 B2 B3 0.1880 
38.082 

0.1736 
44.64 

0.1744 
46.643 

7 A2_A3_E2_E3 C2 C3 0.3913 
15.435 

0.3522 
13.194 

0.1787 
31.047 

8 A2_A3_E2_E3 D2 D3 0.2135 
28.084 

0.2209 
29.99 

0.0930 
128.27 

9 B1_B5_D1_D5 B2 D2 0.4377 
363.86 

0.4308 
387.61 

0.0664 
455.79 

10 B1_B5_D1_D5 C2 C4 0.7948 
294.48 

0.7805 
302.78 

0.3412 
18.002 

11 B1_B5_D1_D5 B4 D4 0.4559 
334.24 

0.4575 
359.88 

0.2384 
31.2 

12 B1_B5_D1_D5 C1 C5 0.8072 
503.48 

0.7386 
504.17 

0.4916 
63.673 

13 B2_B4_D2_D4 C2 C4 0.7920 
223.03 

0.7495 
266.51 

0.7292 
266.75 

14 B2_B4_D2_D4 C1 C5 0.7730 
327.18 

0.7906 
354.98 

0.7628 
351.6 

15 B2_B4_D2_D4 B3 D3 0.1592 
13.989 

0.1842 
20.723 

0.1607 
18.042 

16 B3_C2_C4_D3 B2 B4 0.6804 
85.271 

0.7010 
109.69 

0.4390 
317.14 

17 B3_C2_C4_D3 D2 D4 0.6323 
63.045 

0.4029 
314.58 

0.5887 
72.36 
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18 B3_C2_C4_D3 A2 A4 0.4763 
36.779 

0.4866 
45.772 

0.4289 
41.365 

19 B3_C2_C4_D3 E2 E4 0.1883 
14.243 

0.6028 
69.551 

0.4530 
33.86 

20 B3_C2_C4_D3 C1 C5 0.6773 
237.36 

0.6822 
162.87 

0.6898 
160.78 

21 B3_C2_C4_D3 A3 E3 0.6941 
255.4 

0.6961 
183.23 

0.6875 
159.55 

 

To obtain a more reliable result, the measurement was performed three times with the 

same distribution (Mokkink, 2023). Four stimulation electrodes and two measurement 

electrodes were used. Two of the stimulation electrodes emit a 653 Hz sinusoidal signal; 

the other two emit a 643 Hz sinusoidal signal. The MSE and Mi were calculated and 

analyzed for all three measurement rounds.  

Table 10 represents the results of the three rounds of measurements. The stimulation 

was executed with 5 different layouts and with 15 different electrode pair configurations.  
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In Table 11, the results were merged in one table to compare the different layouts. 

 

Table 11. The statistical results of the three rounds of measurements. MI and NMSE 

are dimensionless quantities. 

 

These results indicate that electrode geometry and spacing have a substantial and re-

producible effect on the quality of temporal interference. 

No Layout 
Elec-
trode 
Pair 

Mean MI SD MI 
Mean 
NMSE 

SD 
NMSE 

14 B2_B4_D2_D4 C1 C5 0.7755 0.0141 344.59 15.17 

13 B2_B4_D2_D4 C2 C4 0.7569 0.0320 252.10 25.17 

21 B3_C2_C4_D3 A3 E3 0.6926 0.0045 199.39 49.93 

20 B3_C2_C4_D3 C1 C5 0.6831 0.0063 187.00 43.62 

12 B1_B5_D1_D5 C1 C5 0.6791 0.1660 357.11 254.12 

2 A2_A4_E2_E4 C2 C4 0.6555 0.0302 82.11 4.01 

10 B1_B5_D1_D5 C2 C4 0.6388 0.2579 205.09 162.07 

16 B3_C2_C4_D3 B2 B4 0.6068 0.1457 170.70 127.41 

17 B3_C2_C4_D3 D2 D4 0.5413 0.1218 150.00 142.61 

18 B3_C2_C4_D3 A2 A4 0.4639 0.0308 41.31 4.50 

19 B3_C2_C4_D3 E2 E4 0.4147 0.2099 39.22 28.04 

11 B1_B5_D1_D5 B4 D4 0.3839 0.1260 241.77 182.81 

5 A2_A4_E2_E4 D1 D5 0.3826 0.0054 260.90 17.45 

4 A2_A4_E2_E4 B1 B5 0.3204 0.0058 303.22 20.44 

9 B1_B5_D1_D5 B2 D2 0.3116 0.2124 402.42 47.72 

7 A2_A3_E2_E3 C2 C3 0.3074 0.1132 19.89 9.73 

3 A2_A4_E2_E4 D2 D4 0.2946 0.0071 169.77 7.34 

1 A2_A4_E2_E4 B2 B4 0.2595 0.0138 203.29 19.50 

6 A2_A3_E2_E3 B2 B3 0.1787 0.0081 43.12 4.48 

8 A2_A3_E2_E3 D2 D3 0.1758 0.0718 62.12 57.30 

15 B2_B4_D2_D4 B3 D3 0.1680 0.0140 17.59 3.39 
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The highest average modulation indices were achieved by the layout B2_B4_D2_D4 with 

electrode pairs C1-C5. (0.7755), C2-C4 (0.7569) and with the layout B3_C2_C4_D3 with 

electrode pair A3-E3 (0.6926). 

In contrast, the closely spaced pairs B2–B3, D2–D3, and B3–D3 showed markedly lower 

modulation indices (below 0.20), indicating weak envelope formation; see Table 11. 

Normalized mean squared error was generally higher in configurations with high modu-

lation indices, which is expected due to larger amplitude variations in the envelope. Con-

figurations with poor modulation typically exhibited lower MSE values, reflecting flatter 

and less dynamic envelopes. 

 

 

Figure 22. The comparison of three rounds of measurement in regard of modulation  

indices 
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Table 12. The mean and SD values for all three rounds, and K-S Normality calculated 

for the MI 

Round Mean Sd K-S Normality p-
value 

Round 1 0.4911 0.2286 -- 

Round 2 0.4918 0.2110 -- 

Round 3 0.4015 0.2182 -- 

All round -- -- 0.163455 

 

 

As Table 12 shows, the first two measurement rounds are consistent, as seen in Figure 

22, around 0.49, but with round 3, a noticeable drop can be observed to 0.4.  On the 

other hand, the standard deviation remains steady (~0.22). The normality test shows p 

= 0.1635 (> 0.05), a dataset with a normal distribution. 

The results of Layout 4, as seen in Figure 23, can demonstrate the behavior of the elec-

tric field in space. The direction of the electrical field that is generated by the DC current 

stimulator is represented by a purple arrow. As the figure shows, the direction of meas-

urement 15 is parallel with the electrical field. On the other hand, the direction of meas-

urements 13 and 14 is perpendicular to the direction of the electrical field. As the figure 

shows, the pattern of measurements 13 and 14 represents an interference pattern, and 

the modulation indices are around 0.75 through the three rounds. On the contrary, the 

MI of measurement 15 is between 0.16 … 0.18 and displays a noisy sinusoidal wave 

(Opančar Aleksandar, 2025). 
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Figure 23. Measurement of Layout 4, round 1 (A) measurement 13, (B) measurement 

14, (C) measurement 15, (D) the orientation of the electric field according of the direc-

tion of the measurement 
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Layout 5 gives a spectacular opportunity to observe the behavior of the electric field 

around the stimulation electrodes. 

 

 

Figure 24. Layout 5. (A)The directions of the measurement between the measurement 

electrodes (white, staggered arrows) and the direction of the emitted sinusoidal waves 

(dark blue arrows) (B)The distribution of the modulation indices around the stimulation 

electrodes 

 

As Figure 24 shows, the distribution of the modulation indices around the stimulation 

electrodes. The range varies between 0.6323 … 0.6941.  The distribution of the modu-

lation indices is not perfectly isotropic; that is caused by the fact that the emitted fre-

quencies have a 10 Hz difference. The sinusoidal wave propagates at angles of 45° 

and 135° relative to the measurement directions. As the analysis of Layout 5 shows, 

the direction of the measurement influences the MI. 
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4.3 Comparing Case 2 and Layout 2 

Because COMSOL uses point evaluation and the oscilloscope measurements (see Fig-

ure 26) derive from the difference between two points, the COMSOL data will be pro-

cessed as follows: the derived data from point evaluations will be paired according to 

layout 2, and the values of the two points will be subtracted from each other as such: 32-

26, 30-28, 44-42, 58-56, 60-54, see Figure 25 and Table 13. 

 

Table 13. The MI and NMSE of Case 2 signals and the three rounds of measurements. 

MI and NMSE are dimensionless quantities. 

Simulation Measurements 

   
Round 1 Round 2 Round 3 

Measurement 
Point Pair 

MI  NMSE   MI R1   
NMSE 

R1  
MI R2  

NMSE 
R2 

MI R3  
NMSE 

R3 

P30 – P28 0.6799 0.245 0.2754 180.92 0.2509 212.33 0.2522 216.63 

P44 – P42 0.9832 0.811 0.6853 79.09 0.6250 80.58 0.6561 86.66 

P58 – P56 0.7719 0.157 0.2864 162.06 0.2982 176.68 0.2992 170.57 

P32 – P26 0.8334 0.319 0.3268 282.85 0.3154 323.72 0.3190 303.09 

P60 – P54 0.8831 0.237 0.3775 242.26 0.3883 276.84 0.3821 263.60 
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Figure 25. The simulated values between the measurement points, derived from Case 

2(A) P30-P28, (B) P44-P42, (C) P58-P56, (D) P32-P26, (E) P60-P54 

 

 

Figure 26. The oscilloscope measurement of layout 5, round 1 (A) Measurement 1, (B) 

Measurement 2, (C) Measurement 3, (D) Measurement 4, (E) Measurement 5 

In Table 13, the comparison of Case 2 and Layout 2 can be seen. The difference between 

the simulation and the measurements is significant. In the simulation, the MIs are way 

higher, and the NMSEs are way lower than in the measurements.    

D E 

P30-P28 P44-P42 P58-P56

P32-P26 P60-P54
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For example, the MI of the measurements at the first point is only ~40% of the simula-

tion’s value. Also, the values of MSEs of the simulation are under 0, but in the case of 

the measurements, they vary between 79.09 … 303.09. 

 

The reasons can be the following: first, the simulation was designed in 2D. This model 

has its limitations; therefore, the full current spreading cannot be simulated. Also, the 

noise cannot be measured, and during a simulation, it is supposed that the PBS is ho-

mogeneous.  

Furthermore, the basic version of COMSOL cannot handle phenomena such as electric 

double layers and electrode reactions (COMSOL, 2025). 

 

 

 

 

 

 

 

 

 

 

 



48 

5 DISCUSSION 

Temporal interference stimulation (TIS) remains an important neuromodulation tech-

nique with several open questions that need more research. The original work by Grossman 

et al. demonstrated the usefulness of generating low-frequency envelopes using high-fre-

quency carriers in deep brain regions; the extent to which these interference patterns can 

be reliably shaped by electrode configuration is still under investigation (Grossman, 2017). 

This thesis aspires to fill the gap in the research by combining finite-element simulations 

with in vitro measurements. To analyze the system, first a simulation was executed, and 

then in vitro measurements were taken. 

 

5.1  The results of the simulation 

 

The COMSOL simulations consist of four different configurations. The first two cases 

were voltage-driven; the third and fourth cases were current-driven (Figure 14). The pa-

rameters were given to be in synchrony with the in vitro measurements; the two fre-

quencies were 653 and 543 Hz. The MI and NMSE were calculated and compared to 

analyze the systems (Table 7). Based on the results, in the voltage-driven cases, the 

MI ranges widely (~0.22–0.89), indicating spatial variability, NMSE remains low (<0.5), 

and the spatial distribution is uneven. 

In the current-driven cases, in Case 3, the MI is lower (~0.97), but the NMSE is higher 

(~0.86). No relationship between the MI and NMSE can be observed. In Case 4, MI is 

nearly constant (~0.97) and MSE is relatively high (~0.86); that indicates that the spa-

tial distribution is homogeneous. 

The measurement points were compared to Point 43. Across all cases, the MI and 

NMSE do not correlate strongly. 

The statistical analysis shows that in Cases 1, 2, and 3 follow approximately normal 

distributions, and Case 4 does not, due to nearly identical values. 
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5.2  The results of the measurements 

 

The in vitro measurements reinforced the simulations by indicating the connection be-

tween the electrodes’ placements and the signal characteristics. A custom 3D-printed 

resin cap was filled with PBS; the electrodes were made from silver. To improve relia-

bility, three rounds of measurement were executed. The NMSE and MI were calculated 

and analyzed for all three measurement rounds. 

Table 10 represents the results of the three measurement rounds. Stimulation was per-

formed using five different layouts and 15 different electrode pair configurations. The 

highest average modulation indices were achieved with the layout B2_B4_D2_D4 us-

ing electrode pairs C1–C5 (0.7755) and C2–C4 (0.7569), as well as with the layout 

B3_C2_C4_D3 using electrode pair A3–E3 (0.6926). In contrast, the closely spaced 

pairs B2–B3, D2–D3, and B3–D3 showed markedly lower modulation indices (below 

0.20), indicating weak envelope formation. 

The normalized mean squared error was generally higher in layouts with high modula-

tion indices, which is expected because stronger envelope modulation produces larger 

amplitude variations. Layouts with poor modulation typically displayed lower MSE val-

ues, reflecting flatter and less dynamic envelopes. As shown in Table 11, the first two 

measurement rounds were highly consistent, with mean values around 0.49, whereas 

the third round showed a noticeable decrease to approximately 0.40. However, the 

standard deviation remained stable at approximately 0.22. The normality test resulted 

in p = 0.1635 (> 0.05), indicating that the dataset followed a normal distribution. 

Layout 4 was analyzed from the viewpoint of the electrode, demonstrating the spatial 

behavior of the electric field. As shown in Figure 23, the direction of measurement 15 is 

parallel to the electric field, whereas the directions of measurements 13 and 14 are per-

pendicular to it. Measurements 13 and 14 displayed a clear interference pattern; on the 

other hand, measurement 15 exhibited a noisy sinusoidal wave. 

Layout 5 represents how the modulation indices are distributed around the electrodes. 

It also demonstrates that the position of the measurement electrodes and the angle of 

the measurement influence the modulation indices. 
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5.3  Comparing Case 2 and Layout 2 

The two datasets were compared: Case 2 from the simulation and Layout 2 from 

the measurements. A significant difference can be observed between the simulation and 

the experimental measurements. In the simulation, the modulation indices (MIs) are sig-

nificantly higher, whereas the normalized mean squared error (NMSE) values are con-

siderably lower than those obtained experimentally. For example, the MI measured at 

the first point is only approximately 40% of the simulated value. In addition, the simulated 

MSE values are close to or below zero, while the measured MSE values range between 

79.09 and 303.09. 

The causes of the difference can be the following: the simulation is 2D instead of 

3D, the simulation assumes homogeneous phosphate-buffered saline, and lastly, the 

used COMSOL version does not contain the electrochemical module. 
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6. CONCLUSIONS 

This study examined the generation and measurement of temporal interference using 

different electrode layouts and measurement configurations. The goal was to assess 

how electrode geometry and spacing influence the quality of the generated signal. To 

classify the quality of the generated signals, the MI and the mean squared error were 

calculated to compare the COMSOL simulations and the in vitro measurements. 

The simulation presents the difference between the voltage- and current-driven sys-

tems. The voltage-driven cases produced lower modulation indices and mean squared 

error than the current-driven cases. The spatial distribution in Cases 1, 2, and 3 was 

uneven; only Case 4 showed a homogeneous spatial distribution. 

The in vitro experimental measurements demonstrated that electrode layout has a sig-

nificant effect on the interference. Certain layouts, particularly B2_B4_D2_D4 and 

B3_C2_C4_D3, produced consistently high modulation indices, indicating strong enve-

lope formation and stable interference patterns, in contrast with layouts with the closely 

spaced electrode pairs. The repeated measurements showed good reproducibility, con-

firming that the observed effects were systematic rather than random.  

The behavior of the electric field was examined at layout 5 and layout 4. When the 

measurement direction was perpendicular to the emitted electric field, a better interfer-

ence pattern appeared, with higher modulation indices, whereas measurements paral-

lel to the electric field produced weaker modulation indices and noisier signals. Also, 

the results in layout 4 underline that the placement of the electrodes and the angle of 

the measurements have an effect on the MI. 

The difference between the simulations and in vitro measurements was also examined. 

The COMSOL simulations produced higher modulation indices and lower MSE values 

than the measurements. These differences are likely caused by the simplified simula-

tion model, including the two-dimensional model, the assumption of a homogeneous 

medium, the absence of environmental noise, and the omission of electrochemical 

electrode effects. Therefore, the simulations represent an idealized system, although 

the measurements reflect the more complex behavior of a real experimental environ-

ment. 
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The results overall indicate that the geometry and the placement of the electrodes are 

influencing the interference patterns. The simulations provided overall higher modula-

tion indices and lower mean squared errors. 

In the future, the development of a 3D simulation model with the proper module in 

COMSOL is planned, which can take other physical phenomena into consideration. 

Also, the in vitro measurement can be developed further by using neuronal cell cultures 

and also adding an extra layer to the cap to enhance the conductivity of the measure-

ment. 
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