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Abstract 

The objective of this research is to perform transfer function modeling of the 

electrode - skin interface using System Identification Toolbox (MathWorks, Inc. 

USA). This computational modeling is essential for developing dry electrodes 

that are used in transcutaneous electrical stimulation and bio-signal recording.  

Medical practitioners heavily rely on the information obtained from 

electrocardiography (ECG), electroencephalography (EEG), and 

electromyography (EMG). ECG and other bio-signals are constantly monitored 

in the hospitals. [1,3] Accurate diagnosis and treatment can be achieved by 

obtaining accuracy in monitoring of the bio-signals. This helps in delivering a 

high level of patient care.  

Patient monitoring system needs to be designed which can reproduce the 

measured signal to the highest replicability. [3] Distortions in the signal 

acquisition can be due to electrode - skin impedance which can cause 

misinterpretation of the signal. [2] Therefore, electrode - skin impedance 

measurement can provide valuable information regarding the quality of the 

signal. 

An important driver of the signal quality is how well the electrodes are 

electrically connected to the skin to detect relevant information from the signal 

rather than ambient noise. Since the information obtained from ECG, EEG, and 

EMG is of utmost importance to doctors and other medical practitioners, it is 

very important to create electrodes whose electrode-skin impedance is 

maintained as low as possible.  

In this work, we validate a method for electrode-skin impedance measurement 

using test circuit of flexible PDMS electrodes, electrolytic solution and a known 

resistor of 1k ohm. Different frequencies of the injected excitation voltage of 5V 

peak-to-peak provided an impedance spectroscopy of the media. This method 

can be used for many electrode configurations as well, e.g., 3-electrode 

configuration where a potentiostat controls the voltage difference between a 

Working Electrode and a Reference Electrode, and measures the current flow 

between the Working and the Counter electrodes.  

Transfer function model of the electrode - skin impedance was found to vary 

with different excitation frequencies as well as different electrolytic solutions 

that indicated resonance effects especially due to cracks (increased capacitance) 

in the flexible PDMS electrodes. In this work, we use this impedance 

spectroscopy method for PDMS electrodes, Multi-Electrode Arrays (MEAs) and 

for different electrolytic solvents.  
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CHAPTER 1 

INTRODUCTION 

Skin electrode impedance measurement can provide valuable information prior, 

during and post electrocardiographic (ECG) or electroencephalographic (EEG) 

acquisitions.  Medical practitioners rely heavily upon the information obtained. 

Thus to maintain a high level of patient care, it is essential to maintain accuracy 

in measurement. [1][3] 

An important driver of the signal quality is how well the electrodes are 

electrically connected to the skin so as to detect relevant information from the 

signal rather than noise. Since the information obtained from ECG, EEG and 

EMG is of utmost importance to doctors and other medical practitioners, it is 

very important to create electrodes whose transfer function model of the 

electrode-skin impedance is maintained as low as possible.  

EEG has been widely used for diagnosis of neurological disorders as it provides 

accurate and continuous monitoring. EEG applications have been greatly 

expanded by developing technologies such as wearable devices, big data and 

mobile heath. Many real world applications such as rehabilitation, brain 

computer interface, neuro-marketing use EEG technologies. Due to this 

widespread applications of EEG, the demand to develop user friendly and 

reliable EEG electrodes remains a major challenge. [6]   

Depending upon the amount of electrolyte present between the electrode skin 

interface, EEG electrodes are mainly divided into two types namely wet 

electrodes and dry electrodes. Conventionally the set-up for the wet electrodes 

consists of silver/silver-chloride (Ag/AgCl) electrodes and conductive gels or 

pastes. Conductive gels or paste are spread over the scalp which causes hair 

discomfort and mess.  

Wet electrodes set-up involves skin preparation to maintain an impedance below 

5kΩ. Wet electrodes are considered the gold standard for EEG recording, and 

are widely utilized in clinical and research laboratory. However, idolizing its 

wide usage in the medical industry, they conjointly suffer from several 

limitations like prolonged and delayed preparation, inconvenience, difficulty 

and discomfort causing hindrance for real-world applications. [4][5]  

Many efforts have been taken to develop dry electrodes that would address the 

inconvenience and discomfort caused by wet electrodes. Dry electrodes have 

shown many advantages such as rapid set-up and user convenience and comfort 

by eliminating the conductive gels and skin preparation.    
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However, the electrode-skin impedance of the dry electrodes is significantly 

higher than the wet electrodes. Therefore, developing active dry electrodes with 

electrode - skin impedance as low as possible is needed. Recently, with the 

development of wearable and implantable devices the demand of flexible 

electrodes has also increased. [7-12] 

1.1   Bio-signals 

Bio-signals, also called as bioelectrical signals or bio-potential signals, are 

physiological signals that are measured and monitored from biological systems. 

Bio-signals are the electrical activity of the bio system generated by the various 

bio-chemical reactions such as changes in ion distribution taking place at the 

electrode – skin interface. These signals carry relevant information about for 

understanding the working of biological systems, and thus monitoring these 

signals is widely used in medical applications.   

Most widely used bio-signals are electrocardiogram (ECG/EKG), 

electromyogram (EMG), electrooculogram (EOG) and electroencephalogram 

(EEG).  The table below represents the widely used bio-signals along with the 

area of medical diagnostics that it is monitored for.  

Bio-signals Source 

Electrocardiogram (ECG/EKG) Heart 

Electromyogram (EMG) Muscle 

Electrooculogram (EOG) Eye  

Electroencephalogram (EEG) Brain 

Table 1: Bio-signals along with its source.  

Biomedical systems either generate signals to influence the human body, or 

analyze bio-signals to extract useful information about functioning of human 

body.  

Bio-signals are the key objects in bio-systems as they carry significant 

information about the biological activity of various organs, which in turn helps 

in understanding the physiological mechanisms as well as presence of any 

abnormality. These signals can be measured from inside or from outside of the 

body.  

Voltages and frequencies of the most common bio – potential signals are 

represented in Figure 1. In the figure, dc potential includes the intracellular 

voltages as well as voltages measured from several points on the body.  EOG is 

the electrooculogram, EEG is the electroencephalogram, ECG is the 

electrocardiogram, EMG is the electromyogram and AAP is the axon - action 
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potential. Figure 1, shows amplitude range of the bio-signals along with the 

frequency range.  

  
Figure 1: Range of bio-signals. [41] 

Biological signals such as electrocardiogram (ECG) and electromyography 

(EMG) that can be measured at home can reveal vital information about the 

patient’s health. Bio potential electrodes are crucial in monitoring ECG, EMG, 

etc., signals. Applying the right type of electrode that lasts for a long time and 

assists in recording high signal quality is desirable in medical devices industry.  

The implications of smart devices at home and the development of medical 

technologies have improved the healthcare home devices. Monitoring the 

patient’s health condition at home has become crucial in the current modern 

world. Biological signals, such as electrocardiogram (ECG), electromyogram 

(EMG), and electroencephalogram (EEG), are rich in medical information. Bio 

potential electrodes are designed to assist in measuring and recording biological 

signals. Bio potential electrodes have the ability to transduce bioelectric activity 

within the body (ionic current) into electrical current that can be measured and 

recorded [13,14].  

The performance of non-invasive electrodes in detecting biological signals is 

highly dependent on electrode-skin impedance [15,16]. High electrode-skin 

impedance would result in poor biological signal quality, low signal amplitude 

and low signal to noise ratio [14,17]. Selecting the proper type of electrodes that 

can result in having low electrode-skin impedance and can last longer for 

recording is important for bio-signal measurements. 

The main objective of this research is to measure the skin-electrode impedance 

of the most common non-invasive bio - potential electrodes to benefit the 

medical industry in choosing the most appropriate type of electrodes for clinical 

measurements. 
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1.2    Bio-potential Electrodes  

The electric currents collected by these bio-potential electrodes are generated by 

the ionic movement of charge in the human body. These currents are converted 

as a result of the interactions between the ions in the body and the electrons in 

the bio-potential electrodes.  

Bio-potential electrodes are placed on the surface of the body, along with the 

electrolytic gel. These electrolytic gels are aqueous ionic solutions. Bio-signals 

are generated as a result of oxidation - reduction reaction taking place between 

the electrode and the electrolytic gel. These reactions can be expressed in 

equations (1), (2) [28-29]. Equation 1 represents oxidation reaction which occurs 

due to losing of electrons. Equation 2 represents reduction reaction which occurs 

due to gaining of electrons.  

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ∶ 𝐶 ↔  𝐶𝑛+ + 𝑛𝑒−                          (1) 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∶ 𝐴𝑚− ↔  𝐴 + 𝑚𝑒−                         (2) 

In the above equations, C is the cation, A is the anion, n is the valence of cation 

and m is the valence of the anion. [28]. These oxidation and reduction reactions 

(reversible reactions) occur at the electrode – electrolyte interface as a result of 

movement of charges between the electrode and the electrolyte.  

At the electrode surface, changes in the ion concentration takes place due to the 

electrode –electrolytic reactions. This creates a potential difference within the 

electrolytic gel, creating an electrical double layer. As a result of this double 

layer, within the electrolyte, anions are attracted to the electrode and cations are 

pulled away from the electrode. [29] This cause exchange of ions between the 

electrode and the electrolyte. The ions from the electrode move into the 

electrolyte and the ions from the electrolyte move into the electrode.  

The potential difference that is created within the electrolytic gel is also called 

as half-cell potential. Standard value of half-cell potential (E0) can be calculated 

by measuring the potential difference between hydrogen and the metal at 

standard conditions (i.e. atmospheric temperature - 25°C and atmospheric 

pressure – 101,325 Pa). Half-cell potential of hydrogen is 0V and it is used as a 

reference. The half-cell potential can be calculated using the Nernst Equation, 

which is mentioned below.  

𝐸 = 𝐸0 + 
𝑅𝑇

𝑛𝐹
ln (

𝑎1

𝑎2
)                             (3) 

From Equation 3, it is observed that the half-cell potential changes due to change 

in temperature and ion concentration.[28-29] In Equation 3 𝑎1and 𝑎2 are the ion 

concentrations, T is the temperature in Kelvin, n is the valence of ions, R is the 

universal gas constant and F is the Faraday constant. Thus, it is observed that 
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changes in the ion concentration or temperature can affect the half –cell 

potential. [28-29]  

When the potential difference between the electrode and the electrolyte is equal 

to the half-cell potential, no changes takes place in the electrolyte as there is no 

electric current flowing between the electrode and the electrolyte. Although, 

when the potential difference is not equal to the half-cell potential or Nernst 

potential, electric current is generated. This induced electric current flow is 

called over-voltage, which causes the change in the charge distribution of the 

electrolyte. This is called polarization effect, which results in poor performance 

of the bio-potential electrode. Thus, polarization of the electrode is an important 

property as it determines the quality of the collected bio-potential signal.  

Polarizable electrodes allow no current flow in the electrode-electrolyte gel 

interface. Polarization effect allows no change in the charge distribution near the 

electrode, resulting in no net electrons crossing the interface.  Thus, perfectly 

polarizable electrodes act as ideal capacitors.  

Platinum electrode are highly polarizable, and there is a difference in the ion 

distribution between the electrolyte gel near the electrode and the surrounding 

areas. [28] As a result of the difference in the ion distribution, there is instability 

in the half-cell potential of polarizable electrodes, which results in poor received 

bio-signals quality and motion artifacts. Thus, polarizable electrode is not 

usually used in bio-potential signal measurement. 

Non – polarizable electrodes, on the other hand allow current flow between the 

electrode – electrolyte gel. The electrodes made of silver-silver chloride 

(Ag/AgCl) are examples of non-polarizable electrodes. These electrodes do not 

cause ion distribution in the electrolyte. The half-cell potential is maintained 

stable due to minimum polarization effect associated with Ag/AgCl electrodes.  

Ag/AgCl is one of the most widely used material for non-polarizable electrodes 

for bio-potential signal measurement. Ag/AgCl electrodes are composed of pure 

silver core with a thin lining of AgCl layer on the silver core. These electrodes 

have a few advantages like, low motion artifacts, less noise at low frequencies, 

less effect on frequency on the impedance of the electrode.  

Ideal non-polarizable electrodes permit the charges to pass through the 

electrode-skin interface without hindrance [17]. In non-polarizable electrodes, 

reduction/oxidation reactions occur at the electrode-skin interface, exchanging 

charge carriers from ions to electrons and vice versa [17–20]. These reactions 

are electrochemically reversible in non-polarizable electrodes [17]. The 

electrolyte gel is used with non-polarizable electrodes to facilitate the 

electrochemical reactions and to reduce electrode-skin interface impedance 

[16,17,21].  
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Stainless steel electrodes are classified as polarizable electrodes [13]. They are 

one of the most common polarizable electrodes used in modern wireless sensor 

technologies for monitoring biological signals (e.g., chairs, shirts) [22,23]. 

Ag/AgCl electrodes are classified as non-polarizable electrodes and considered 

as the universal electrodes in clinical measurements (e.g., ECG, EMG and EEG) 

[25]. They are associated with low electrode-skin impedance, low noise and low 

motion artifact [24]. 

1.3    Electrode-skin Impedance  

Electrode - skin impedance plays a major role in bio-potential signal quality. 

High electrode - skin impedance influences negatively the bio-signal quality 

since it is associated with low signal-to-noise ratio [25]. High electrode-skin 

impedance causes poor detection of bio potentials at the electrodes sites because 

it forms a strong barrier for the bio potentials to cross it [13]. High electrode-

skin impedance could be linked with low mobility of ions across the highly 

resistant skin layer that is in contact with electrodes and low electron/ion 

exchange at electrodes sites [14,17]. Thus, that could cause weak conductivity 

between the electrodes and the skin and would reduce the biological signal 

amplitude (low signal to noise ratio). 

A mismatch in impedance between the electrodes at the skin surface during 

recording a biological signal would reduce the common mode rejection ratio of 

the recording system, increase common mode interference (e.g., power line 

noise) and decrease the signal-to-noise ratio [17]. Electrode-skin impedance 

varies from one person to another and from one part of the body to another. For 

example, when Rosell et al. measured the electrode-skin impedance at different 

parts of the body for ten subjects using Ag/AgCl electrodes, they found a high 

electrode-skin impedance of around 1 MΩ at 1 Hz at the leg site, and around 

100 kΩ at the forehead site [16]. Non-polarizable electrodes are likely to have 

lower electrode-skin impedances in comparison to polarizable electrodes 

[26,27]. 

While using wet electrodes for bio-potential signal measurement, electrolyte gel 

is applied as an interlayer between the electrode and the skin. Initially, the skin 

is prepared by cleaning with alcohol and by removing the dead skin cells. After 

this the electrolyte gel is applied on the surface of the skin and the electrode is 

placed on the gel. The electrode is in contact with the skin through the electrolyte 

gel. The electrolyte gel plays an important role as it not only helps in ion transfer, 

but also reduces the skin impedance by removing air gaps between the electrode 

and the skin. As the surface of the human skin is rough and curved, while placing 

an electrode, an air gap can enter the interface which causes the impedance to 

increase. The application of gel can fill the air gap and thus reduce the contact 

impedance. Along with the air gap, the gel also reduces the motion artifacts by 

placing the electrode in contact with the skin without any attachment.   
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Although, electrolyte gel has a wide range of benefits, it can cause some 

problems such as skin irritation, allergic reactions as well as quick removal and 

installation of electrodes. [30-32] As a result of these problems, one of the most 

popular approach to avoid is use of gel is use of dry electrodes over wet 

electrodes. [33-35] 

1.4   Electrode Impedance Measurement 

Electrical impedance is the measure of the opposition that a circuit presents to 

a current when a voltage is applied. The term complex impedance may be used 

interchangeably. Quantitatively, the impedance of a two-terminal circuit 

element is the ratio of the complex representation of a sinusoidal voltage 

between its terminals to the complex representation of the current flowing 

through it. In general, it depends upon the frequency of the sinusoidal voltage. 

Impedance extends the concept of resistance to AC circuits, and possesses both 

magnitude and phase, unlike resistance, which has only magnitude.  

When a circuit is driven with direct current (DC), there is no distinction between 

impedance and resistance; the latter can be thought of as impedance with 

zero phase angle. The notion of impedance is useful for 

performing AC analysis of electrical networks, because it allows relating 

sinusoidal voltages and currents by a simple linear law. In 

multiple port networks, the two-terminal definition of impedance is inadequate, 

but the complex voltages at the ports and the currents flowing through them are 

still linearly related by the impedance matrix.  

Impedance is a complex number, with the same units as resistance, for which 

the SI unit is the ohm (Ω). Its symbol is usually Z, and it may be represented by 

writing its magnitude and phase in the form |Z|∠θ. However, Cartesian complex 

number representation is often more powerful for circuit analysis purposes. 

The reciprocal of impedance is admittance, whose SI unit is the Siemens, 

formerly called mho. 

For bioelectric recording such as electrocardiography (ECG) and 

electroencephalography (EEG), measurement of skin-electrode impedance can 

provide valuable information: 

1. A mismatch in electrode-skin impedance reduces the common mode 

rejection ration (CMRR) of the amplifier and leads to excessive power 

line interference. 

2. Impedance measurement allows determining if the skin-electrode 

interface is good enough, avoiding skin abrasion prior to recording.  

3. Continuous electrode impedance monitoring can be used for motion 

artefact estimation. 

4. High impedance can lead to signal attenuation and distortion. 

https://en.wikipedia.org/wiki/Electrical_circuit
https://en.wikipedia.org/wiki/Electrical_current
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Ratio
https://en.wikipedia.org/wiki/Complex_number
https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Alternating_current
https://en.wikipedia.org/wiki/Phase_(waves)
https://en.wikipedia.org/wiki/Phase_angle
https://en.wikipedia.org/wiki/Electric_current#Alternating_and_direct_current
https://en.wikipedia.org/wiki/Port_(circuit_theory)
https://en.wikipedia.org/wiki/Dimensional_analysis
https://en.wikipedia.org/wiki/SI_unit
https://en.wikipedia.org/wiki/Ohm
https://en.wikipedia.org/wiki/Multiplicative_inverse
https://en.wikipedia.org/wiki/Admittance
https://en.wikipedia.org/wiki/SI
https://en.wikipedia.org/wiki/Siemens_(unit)
https://en.wikipedia.org/wiki/Mho
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Because of the capacitive components corresponding to skin electrode interface, 

alternate current (AC) measurement is needed to estimate the skin-electrode 

impedance. In particular, for dry contact electrodes, which capacitance is 

considerably high than wet electrodes. 

For electrode - skin impedance measurement, there are two types of dry 

electrodes, namely contact electrode and non-contact electrode. The non-contact 

electrode uses capacitive coupling between the skin and the electrode. The non-

contact electrode has a significant motion artifact because the movement of the 

patient can affect the capacitance significantly which results in poor received 

signal. 

For non-contact dry electrodes, there are two types of electrodes: micro-scale 

needles that penetrate the skin [36-37] and another the flexible dry electrodes 

[38]. Although, micro-needle dry electrode provides a good signal quality by 

reducing the air gap between the electrode and the skin as it penetrates the skin, 

causing pain and discomfort during measurement. The tip of the needle can also 

be damaged by the movements produced during measurement.  

Alternatively, the flexible electrodes are more preferred over the micro-needles 

as it does not involve the use of any gel or needles that will cause discomfort to 

the patients. Thus, using flexible electrodes for measurement of bio-potential 

signal would be more simple and user-friendly.  

Electrical models of the wet electrode and the dry electrode can be expressed in 

the Figure 2 below:  

 

Figure 2: Schematic diagram of an ideal equivalent electrical circuit model of skin, wet, and 

dry electrodes. Here, the resistances are due to ion flow and the capacitances are due to the 

double layer capacitance. [39] 
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Figure 2 shows the theoretical circuit model of the wet and dry electrode 

assuming there are no air gaps between in the circuit model of dry electrodes 

and the skin. Comparing the two circuit model, the dry electrode seems much 

simple because it does not have the presence of an extra RC circuit, unlike wet 

electrodes. The reason for the electrical circuit model of dry electrodes being 

simpler than the wet electrode is because it does not have the presence of 

electrolyte gel.  

Although, in reality the electrical circuit model of dry electrode may not be as 

simple as it seems, due the existence of an air gap present due to the roughness 

of the skin. The electrical circuit model of flexible contact dry electrode is much 

more complex than the wet electrodes due to the presence of air gaps represent 

between the interface. Without eliminating these air gaps, no matter how many 

advantages the dry electrode has, it will still acquire more noise during real 

measurement.  

In reality, the biggest challenge is to remove the air gap due to the skin’s 

roughness as it acts as a capacitor resulting in higher impedance as shown in 

Figure 3  

 

Figure 3: Schematic diagram of a practical equivalent electrical circuit model of skin, wet, 

and dry electrodes. Here, the resistances are due to ion flow and the capacitances are due to 

the double layer capacitance.  Inset picture: The equivalent circuit for three-electrode cell 

where CE is the counter electrode, WE is the working electrode (capacitance often dominates), 

and RE is the reference electrode. [40] 

Due to the air gap between the dry electrode and the skin, the dry electrode tends 

to have more complex equivalent electrical circuit model than wet electrode. 

This, means without removing the air gap, the dry electrode is not a good choice 

for collecting bio-signals.  

Using, flexible electrodes can result in lower air gap. Apart from this, body sweat 

or body fluids can fill the gap, by acting as natural electrolyte. Sweat contains a 

large amount of ions and thus it can act as an electrolyte. Using flexible electrode 

along with sweat and minimize the air gaps thus making dry electrodes, better 

for bio-potential measurement, by providing better signal quality.   
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The inset picture in Figure 3 shows how the electrochemical reactions at the 

electrode-electrolyte (body sweat or body fluids) can be investigated using a 

three-electrode cell. Here, the resistances are due to ion flow, and the 

capacitances are due to the double layer (polarization). In this project, we use a 

simpler two-electrode setup for impedance spectroscopy where the current 

carrying electrode was used to also measure the voltage difference (CE and RE 

same). Here, it is postulated that the measurement of the whole cell voltage is 

important for impedance spectroscopy. 

1.5    Bio-signals based biomarker of dysfunction 

A neural network is a network or circuit of neurons, or in a modern sense, 

an artificial neural network, composed of artificial neurons or nodes. Thus a 

neural network is either a biological neural network, made up of real biological 

neurons, or an artificial neural network, for solving artificial intelligence (AI) 

problems. The connections of the biological neuron are modeled as weights. A 

positive weight reflects an excitatory connection, while negative values mean 

inhibitory connections. All inputs are modified by a weight and summed. This 

activity is referred as a linear combination. Finally, an activation function 

controls the amplitude of the output. For example, an acceptable range of output 

is usually between 0 and 1, or it could be −1 and 1. 

Artificial neural networks do not separate memory and processing and they 

operate via the flow of signals through the net connections, somewhat akin to 

biological networks. 

These artificial networks may be used for predictive modeling, adaptive control 

and applications where they can be trained via a dataset. Self-learning resulting 

from experience can occur within networks, which can derive conclusions from 

a complex and seemingly unrelated set of information.  

A biological neural network is composed of a group or groups of chemically 

connected or functionally associated neurons. A single neuron may be connected 

to many other neurons and the total number of neurons and connections in a 

network may be extensive. Connections, called synapses, are usually formed 

from axons to dendrites, though dendro-dendritic synapses and other 

connections are possible. Apart from the electrical signaling, there are other 

forms of signaling that arise from neurotransmitter diffusion. 

Artificial intelligence, cognitive modelling, and neural networks are information 

processing paradigms inspired by the way biological neural systems process 

data. Artificial intelligence and cognitive modeling try to simulate some 

properties of biological neural networks. In the artificial intelligence field, 

artificial neural networks have been applied successfully to speech 

recognition, image analysis and adaptive control, in order to construct software 

agents (in computer and video games) or autonomous robots. 

https://en.wikipedia.org/wiki/Biological_neural_network
https://en.wikipedia.org/wiki/Neurons
https://en.wikipedia.org/wiki/Artificial_neural_network
https://en.wikipedia.org/wiki/Artificial_neuron
https://en.wikipedia.org/wiki/Biological_neural_network
https://en.wikipedia.org/wiki/Artificial_intelligence
https://en.wikipedia.org/wiki/Amplitude
https://en.wikipedia.org/wiki/Predictive_modeling
https://en.wikipedia.org/wiki/Biological_neural_network
https://en.wikipedia.org/wiki/Synapses
https://en.wikipedia.org/wiki/Axons
https://en.wikipedia.org/wiki/Dendrites
https://en.wikipedia.org/wiki/Dendrodendritic_synapse
https://en.wikipedia.org/wiki/Neurotransmitter
https://en.wikipedia.org/wiki/Artificial_intelligence
https://en.wikipedia.org/wiki/Cognitive_modeling
https://en.wikipedia.org/wiki/Artificial_intelligence
https://en.wikipedia.org/wiki/Speech_recognition
https://en.wikipedia.org/wiki/Speech_recognition
https://en.wikipedia.org/wiki/Image_analysis
https://en.wikipedia.org/wiki/Adaptive_control
https://en.wikipedia.org/wiki/Software_agents
https://en.wikipedia.org/wiki/Software_agents
https://en.wikipedia.org/wiki/Video_game
https://en.wikipedia.org/wiki/Autonomous_robot
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The behavior of an ANN (Artificial Neural Network) depends on both the 

weights and the input-output function (transfer function) that is specified for the 

units.  

This function typically falls into one of three categories: 

 Linear (or ramp) 

 Threshold 

 Sigmoid 

For linear units, the output activity is proportional to the total weighted output. 

For threshold units, the output is set at one of two levels, depending on whether 

the total input is greater than or less than some threshold value. 

For sigmoid units, the output varies continuously but not linearly as the input 

changes. Sigmoid units bear a greater resemblance to real neurons than do linear 

or threshold units, but all three must be considered rough approximations. 

To make a neural network that performs some specific task, we must choose 

how the units are connected to one another, and we must set the weights on the 

connections appropriately. The connections determine whether it is possible for 

one unit to influence another. The weights specify the strength of the influence. 

In this thesis, I am developing a rational approach for Transfer Function 
modeling of the electrode – skin impedance measurement using 
System Identification Toolbox (MathWorks Inc., USA). 
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CHAPTER 2 

METHODS 

2.1   Experimental Setup: two-electrode cell 

 

Figure 4: Set-up using resistor. A – EasyScopeX Software, B - Digital Signal Oscilloscope, C - 

Function Generator, D -1k Ohm Resistor. 

The above setup shows the two-electrode cell. For the calibration, the cell was 

replaced with a known resistor as shown in Figure X.  This resistor set-up was 

used to calibrate the electronics used to perform the experiment.  

The function generator was used for different excitation frequencies at a 5V 

peak-to-peak signal. 

The two channels of the DSO display two output graphs.  

 Channel 1 of the DSO is connected across the resistor; this channel 

measures the voltage. The measured voltage divided by the resistor value 

of 1k ohm gives the current that flows through the circuit. 

 

 Channel 2 of the DSO is connected across the electrodes; this channel 

measures the voltage across the electrodes.  
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2.2   Block Diagram 

The basic block diagram representing the flow of the method is shown in the 

figure given below.  

 

Figure 5: Block Diagram representing the process flow of the method 

The initial step is collection of the data. This is done by performing various 

experiments. The experimental set-up for all the experiments is mentioned 

below. The data was collected from the range of 10Hz-1000Hz for PDMS 

electrodes in 19 steps of frequency and from 10Hz-1000Hz for Microelectrode 

Array in 8 steps of frequency. 

After the collection of the data, it is important to filter it to eliminate noise. 

Butterworth band-pass filter is the best filter for the range of data collected.   

Post-filtering the input data needs to be mapped to the output data. Various 

models are used to perform the mapping of the input to the output data. System-

Identification toolbox is used to perform the mapping and obtain a liner model 

between the input and the output.  

Transfer-Functions were obtained from the System-Identification Toolbox. 

These Transfer Functions were used to measure the Electrode Impedance from 

the Bode Plots.  

Bode Plots represented both magnitude plot and phase plot of the linear model 

that is mapped using System – Identification.     

 

 

 

 



14 
 

2.3   Equivalent Model for the Skin-Electrode Impedance 

In this work, the skin electrode impedance is measured using test circuit of 

electrodes, electrolytic solution and a known resistor of 1k ohm, at different 

frequencies for injected excitation voltage of 5V p-p passing through the resistor 

of 1k ohm to give an excitation current of 5 mA.  

This method can be used for many electrode configurations. In this research we 

perform this method first using a known resistor and second using different 

electrolytic solutions. 

The electrode model consists of a combination of resistor and capacitor which 

are in series or in parallel. This electrode model can either polarizable or non-

polarizable depending on the type of electrode used, represented in Figure 5.  

 

Figure 6: Electrode - Skin Interface 

The Figure 5 represents the electrode skin interface of skin using wet electrodes 

in part (a) and using dry electrodes in part (b). We are considering our model to 

be as simple as possible so it only has one resistor and one capacitor circuit. In 

electrolyte will be a completely resistive circuit.  
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2.3.1   Using known Resistor for Calibration 

Circuit Diagram: 

 

Figure 7: Circuit Diagram for known resistor 

The above figure shows the circuit diagram, where the resistor is used for 

calibration. The remaining circuit includes the equipment used which are as 

follows: 

1. Digital Signal Oscilloscope (DSO): The DSO used for this experiment is 

the Siglent SDS2204. 

 

2. Function Generator: The Function Generator used for this experiment is 

the Kuman Dual Channel DDS Signal Generator/Counter. 

 

3. 1k ohm Resistor: It is used for calibration. 

The main objective of this thesis is to obtain the accurate electrode – skin 

impedance. Calibration, plays a vital role in calculating the accurate electrode -

skin impedance. The method validated to calculate the electrode - skin 

impedance consists of a simple oscilloscope and function generator. While using 

this electronic equipment for testing the impedance of the electrode, without 

calibration can lead to errors. This is because this equipment has its own transfer 

functions.   

These transfer functions generated by the oscilloscope and the function 

generator add up the impedance produced by the electrodes, resulting in 

inaccurate electrode – skin impedance. To eliminate this error, it is very 

important to calculate the transfer functions of the electronic equipment 

separately before calculating the impedance of the electrode – skin interface.  

 

Skin – Electrode 

Surface 

Electronics 
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2.3.2   Using Flexible PDMS Electrodes 

Circuit Diagram: 

      

Figure 8: Circuit Diagram for flexible PDMS Electrodes 

The above figure shows the circuit diagram, where the resistor and capacitor 

which are in series and parallel represent the interface between the skin and the 

electrode. The circuit following it represents the two silver/silver chloride 

(Ag/AgCl) electrodes used to perform the experiment. The remaining circuit 

includes the equipment used which are as follows: 

1. Digital Signal Oscilloscope (DSO): The DSO used for this experiment is 

the Siglent SDS2204. 

 

2. Function Generator: The Function Generator used for this experiment is 

the Kuman Dual Channel DDS Signal Generator/Counter. 

 

3. Constant Temperature Magnetic Stirrer: The Constant Temperature 

Magnetic Stirrer used for this experiment is the 85-2 Magnetic Stirrer 

Hotplate Digital Magnetic Mixer Heating Control 110V 

 

4. 1k ohm Resistor: It is used to measure the current through the circuit. 

Flexible electrodes used in this thesis are made up of Polydimethylsiloxane 

(PDMS). PDMS (polydimethylsiloxane) is a material that can be easily used for 

fabrication of dry electrodes, due to its biocompatible nature. PDMS is also 

readily available as it is inexpensive. The PDMS electrodes that are used in this 

thesis are shown in Figure 9. Electrodes are stuck on either side of the electrode 

holder using double side tape, to maintain an equal distance between the 

electrodes. 

Skin-

Electrode 

Surface 

Electronics 

 Electrodes 
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Figure 9: Electrode assembly on the electrode holder 

Set-up using PDMS Electrodes: 

 

Figure 10: Set-up using PDMS Electrodes. A - Digital Signal Oscilloscope, B - Electrode-

Holder, C - Constant Temperature Magnetic Stirrer, D - Function Generator, E - 1k Ohm 

Resistor 

The setup shown in Figure 10 displays how the experiment was conducted. A 

beaker filled with saline solution was placed on the constant magnetic stirrer at 

a constant room temperature of 37 degrees Celsius. The orange block was used 

so as to maintain a constant distance between the two electrodes. The two 

electrodes are attached on either side of the block. 

The function generator is used for different frequencies for which the electrodes 

are tested. A constant source was a 5V peak to peak signal. 
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The two channels of the DSO display two output graphs.  

 Channel 1 of the DSO is connected across the resistor; this channel 

measures the voltage that flows through the circuit. The measured voltage 

divided by the resistor value of 1k ohm gives the current that flows 

through the circuit. 

 

 Channel 2 of the DSO is connected across the electrodes; this channel 

measures the voltage that flows though the electrode-electrolyte. Since it 

is a capacitive circuit the voltage lags the current by a phase shift of 90 

degrees. 

 

2.3.3   Using Microelectrode Arrays (MEAs) 

Circuit Diagram: 

 

Figure 11: Circuit Diagram for Microelectrode Array 
 

The above figure shows the circuit diagram, where the resistor and capacitor, 

which are in series and parallel, represent the interface between the skin and the 

electrode.  

The circuit following it represents the MEAs used to perform the experiment. 

The remaining circuit includes the equipment used which are as follows: 

1. Digital Signal Oscilloscope (DSO): The DSO used for this experiment is 

the Siglent SDS2204. 

 

2. Function Generator: The Function Generator used for this experiment is 

the Siglent SDG2042X, 40 MHz, 2 channel. 

 

Skin-

Electrode 

Surface 

Electronics 

 MEA 
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3. Culture Incubator: The Culture Incubator used is Thermolyne 37900 

Culture Incubator, Model no. 137925. 

 

4. 1k ohm Resistor: It is used to measure the current through the circuit. 

Microelectrode arrays (MEAs) are devices that contain multiple tiny 

microelectrodes , about ten to thousand in number, through which 

neural signals are obtained or delivered, essentially serving as neural interfaces 

that connect neurons to electronic circuitry. There are two general classes of 

MEAs: implantable MEAs, used in vivo, and non-implantable MEAs, used in 

vitro. In this study we use non – implantable MEAs.  

The Microelectrode array used in this research is as follows:  

    

Figure 12: Microelectrode Array consisting of 25 electrodes 

The Microelectrode Array used in this research consists of a 5 by 5 square matrix 

of 25 electrodes. Figure 10 shows the PCB layout as well as the PCB board. The 

circle represented in the above diagram is the outline for the petri dish. A petri 

dish is placed on the outline to fill it with the electrolyte that we use along with 

the electrode.  

For this research we use, non – implantable MEA for in-vitro culture of cells. In 

in-vitro culture of cells, different reagents are used so that the cultures cells can 

sustain and grow. The different reagents that we use are Phosphate Buffered 

Saline (PBS), Matrigel and Media.  

https://en.wikipedia.org/wiki/Microelectrode
https://en.wikipedia.org/wiki/Signal_(electronics)
https://en.wikipedia.org/wiki/Neuron
https://en.wikipedia.org/wiki/Electric_circuit
https://en.wikipedia.org/wiki/In_vivo
https://en.wikipedia.org/wiki/In_vitro
https://en.wikipedia.org/wiki/In_vitro
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 Matrigel serves as an extracellular matrix to provide support to the cells 

and cells thrive and grow on them.  

 Phosphate Buffered Saline (PBS) is a buffer media which is added to 

maintain the cells at pH 7.4 which the normal average pH of animal 

body.  

 Media is added at specific intervals and acts as food for the cells. It 

contains amino acids, glucose, vitamins, salts, etc. Hence, it provides 

nutrients and buffering capacity to the cells. 

Since these materials are highly affected by the outside temperature, they are 

kept in an incubator during testing. Two sets of readings are taken for better 

understanding of the impedance and to check if volume affects the electrode – 

skin impedance. Readings are taken along the diagonal electrodes of 1-25 and 

5-21.   

Set-up using Microelectrode Arrays (MEAs): 

 

Figure 13: Set-up using Microelectrode Array (MEA). A - Digital Signal Oscilloscope, B - 

Function Generator, C – Culture Incubator, D - 1k Ohm Resistor, E - EasyScopeX Software 

The following setup shows how the experiment was conducted. A 

microelectrode array was filled with the respective reagent namely 

1. PBS – Phosphate buffered saline.  

2. Media – Media for culture of neural progenitor cells. 

3. Matrigel – Protein used as a matrix for cell attachment.  
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Figure 14: MEA filled with electrolyte inside the Incubator 

The MEA filled with the respective solution was kept in Incubator to maintain 

the temperature of the set-up at 37 degrees Celsius shown in Figure 14. The 

readings were taken along the diagonals of the MEA and two sets of readings 

were taken to maintain accuracy. The function generator is used for different 

frequencies for which the electrodes are tested. A constant source of 5V peak to 

peak was the input signal for PBS and Media, whereas for Matrigel the input 

signal was of 10V peak to peak. The two channels of the DSO display two output 

graphs.  

 Channel 1 of the DSO is connected across the resistor; this channel 

measures the voltage that flows through the circuit. The measured voltage 

divided by the resistor value of 1k ohm gives the current that flows 

through the circuit. 

 

 Channel 2 of the DSO is connected across the MEAs; this channel 

measures the voltage that flows though the electrode-electrolyte. 
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2.4   System Identification 

System identification is a methodology for building mathematical models 

of dynamic systems using measurements of the system’s input and output 

signals. Selection of a model for a process (i.e. studied system or device under 

test (DUT)), using a limited number of measurements of the input and outputs, 

which may be disturbed by noise, and a priority system knowledge. 

The process of system identification requires the following: 

 Measuring the input and output signals of the system in time or frequency 

domain. 

 Selecting a model structure. 

 Applying an estimation method to estimate value for the adjustable 

parameters in the model structure. 

 Evaluating the estimated model to see if the model is adequate for the 

desired application needs. 

In this research, system identification is used to get the transfer function model 

of the data collected. System Identification window consists of import data, 

operations, various models and finally the output model. Data can be imported 

into system identification toolbox either in time domain or frequency domain. 

Since the system identification toolbox determines the transfer function both the 

input as well as the output data needs to be imported.  

A system identification toolbox window consists of 8 windows to import data 

and 16 windows to view the imported models. Once the data is imported, 

whether in time domain or frequency domain, pre-processing of the data can be 

done to remove means, trends, filter etc. After pre-processing, the data that we 

want to work with is dragged into the working window. Hereafter any models 

that are calculated will apply only on the working window.  

Time plot, data spectra and frequency plots of the imported data can be viewed 

by selecting the respecting function after importing the data. For estimating the 

transfer function model, in the system identification toolbox (MathWorks Inc. 

USA), a dropdown window consisting of transfer function model needs to be 

selected. Once this window is selected, the system calculates the transfer 

function model for the best fit.  

To analyze our model, we consider it to be a simple model of 2 poles and 1 zero, 

with the electrode have a capacitive and resistive circuit whereas the electrolyte 

having resistive circuit. To represent this further, we propose the circuit diagram 

in Figure 15 

https://www.mathworks.com/help/ident/gs/about-system-identification.html#bq9yq73
https://www.mathworks.com/help/ident/gs/about-system-identification.html#bq98vl6
https://www.mathworks.com/help/ident/gs/about-system-identification.html#bsguh_9
https://www.mathworks.com/help/ident/gs/about-system-identification.html#bsguia1-1
https://www.mathworks.com/help/ident/gs/about-system-identification.html#bsguic_-1
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Figure 15: Proposed Equivalent Electrical Circuit Diagram (Electrode 1 is the working 

electrode and Electrode 2 is the control/reference electrode). Here, the resistances are due to 

ion flow and the capacitances are due to the double layer capacitance 

 

The equivalent transfer function equation can be found by adding the individual 

components in series and parallel to give the final transfer function given below. 

The entire equation for electrode 1 can be summed as R1. The equation for R1 

can be given by the following: 

1

𝑅1
=  

1

𝑅𝑝1
+

1

𝐶𝑝1
 

1

𝑅1
=

1

𝑅𝑝1
+

1

𝑗𝜔𝐶𝑝1
 

𝑅1 =
𝑗𝜔𝐶𝑝1𝑅𝑝1

𝑅𝑝1 + 𝑗𝜔𝐶𝑝1
 

Similarly, for R2: 

𝑅2 =
𝑗𝜔𝐶𝑝2𝑅𝑝2

𝑅𝑝2 + 𝑗𝜔𝐶𝑝2
 

 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 =  𝑅1  +  𝑅𝑠  + 𝑅2 

 

 

 

Here, we have a 2 Poles, 2 Zero transfer function, however, we found that the 

lumped transfer function is 2 Poles, 1 Zero due to the transfer function of the 

instrumentation (which was 2 Poles, 1 Zero). Therefore, we fitted 2 Poles, 1 Zero 

transfer function (TF) to the lumped model as well as the individual 

instrumentation TF model (using a calibration resistor), and then removed the 

Electrode 1 

Electrolyte 

Electrode 2 

𝑗𝜔(𝑅𝑝1𝑅𝑝2𝐶𝑝1 + 𝐶𝑝2𝑅𝑝1𝑅𝑠 + 𝐶𝑝1𝑅𝑝2𝑅𝑠 + 𝑅𝑝2𝐶𝑝2𝑅𝑝1) − 𝜔2(𝑅𝑝1𝐶𝑝2𝐶𝑝1 + 𝑅𝑠𝐶𝑝2𝐶𝑝1 + 𝑅𝑝2𝐶𝑝2𝐶𝑝1) + 𝑅𝑝1𝑅𝑝2𝑅𝑠

𝑅𝑝1𝑅𝑝2 + 𝑗𝜔(𝑅𝑝1𝐶𝑝2 + 𝑅𝑝2𝐶𝑝1) − 𝜔2𝐶𝑝1𝐶𝑝2
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instrumentation TF model from the lumped TF model to get the 2 Poles, 2 Zero 

transfer function of the electrodes in electrolyte (Figure 15). To analyze which 

2 Poles, 1 Zero model fits the best, different cases are taken into consideration. 

These cases are either in discrete time or continuous time. Regularization is 

applied in a few cases ranging from 0.1 to 0.001. The cases under which transfer 

function model fit is done are mentioned below.   

The analysis was done under the following 8 cases: 

 Case 1: 2 Poles, 1 Zero, Continuous Time, No Regularization  

 Case 2: 2 Poles, 1 Zero, Continuous Time, Regularization = 0.1 

 Case 3: 2 Poles, 1 Zero, Continuous Time, Regularization = 0.01 

 Case 4: 2 Poles, 1 Zero, Continuous Time, Regularization = 0.001 

 Case 5: 2 Poles, 1 Zero, Discrete Time, No Regularization  

 Case 6: 2 Poles, 1 Zero, Discrete Time, Regularization = 0.1 

 Case 7: 2 Poles, 1 Zero, Discrete Time, Regularization = 0.01  

 Case 8: 2 Poles, 1 Zero, Discrete Time, Regularization = 0.001  

 

The goodness of fit of continuous time was observed in Figure 16: 

 
Figure 16: Goodness of fit for continuous time 

The goodness of the first four cases was as follows:  

• Case 1: Tf1: 88.01 (No regularization)  

• Case 2: Tf2: 58.56 (0.001) 

• Case 3: Tf3: 6.722 (0.01) 

• Case 4: Tf4: 6.021 (0.1) 
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The goodness of fit of continuous time was observed in Figure 17: 

 
Figure 17: Goodness of fit for continuous time 

The goodness of the first four cases was as follows:  

• Case 5: Tf1: 80.99 (No regularization)  

• Case 6: Tf2: -0.2623 (0.1) 

• Case 7: Tf3: -28.45 (0.01) 

• Case 8: Tf4: -29.02 (0.001) 

Using the above cases, we get the following results: 

Sr.No. Frequency (Hz) Best Cases Goodness of fit of the Best Case 

1. 10 1,5,6,4 88.01 

2. 20 5 80.99 

3. 30 8,7,5,6 81.10 

4. 40 5,8,7 84.38 

5. 50 5,8,7 89.39 

6. 60 7,5 86.27 

7. 70 8,7,5 86.54 

8. 80 5,8,7 87.76 

9. 90 5,6,7,8 88.46 

10. 100 5,8,7 89.40 

11. 200 8,5 88.97 

12. 300 5,8,7 88.96 

13. 400 8,7,6,5 88.66 

14. 500 6,8,5 89.03 

15. 600 8,7,5 89.15 

16. 700 5,7,6 88.39 
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17. 800 5,8,7,6 89.00 

18. 900 8,7,6,5 88.72 

19. 1000 6,7,5 88.18 

Table 2: Goodness of fit value for the best case along with the best cases. 

Analyzing all of the above frequencies, most of the frequencies give best value 

of transfer function using case 5. Thus we plot a graph of the transfer function 

obtained in case 5 versus the frequency.  

Sr.No. Frequency (Hz) Transfer Function of Case 5 

1. 10 60.59 

2. 20 80.99 

3. 30 42.88 

4. 40 84.38 

5. 50 89.39 

6. 60 54.52 

7. 70 19.25 

8. 80 87.76 

9. 90 88.46 

10. 100 89.40 

11. 200 88.91 

12. 300 88.96 

13. 400 88.59 

14. 500 88.98 

15. 600 89.06 

16. 700 88.39 

17. 800 89.00 

18. 900 88.68 

19. 1000 88.07 

Table 3: Goodness of fit of Case 5 
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Calibration Resistor 

The System Identification window representing imported data collected from 

the calibration resistor on the right side and the modeled transfer function of the 

same range on the left side. 

 

Figure 18: System Identification window representing imported data collected from the 

calibration resistor in the range of 10Hz to 80Hz on the right side and the modeled transfer 
function of the same range on the left side. 

 

Figure 19: System Identification window representing imported data collected from the 

calibration resistor in the range of 90Hz to 700Hz on the right side and the modeled transfer 

function of the same range on the left side. 
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Figure 20: System Identification window representing imported data collected from the 

calibration resistor in the range of 800Hz to 1000Hz on the right side and the modeled transfer 

function of the same range on the left side. 

Flexible PDMS Electrodes using Saline 

The System Identification window representing imported data collected from 

the flexible PDMS electrodes on the right side and the modeled transfer function 

of the same range on the left side. 

 

Figure 21: System Identification window representing imported data collected from the flexible 

PDMS electrodes in the range of 10Hz to 80Hz on the right side and the modeled transfer 

function of the same range on the left side. 
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Figure 22: System Identification window representing imported data collected from the flexible 

PDMS electrodes in the range of 90Hz to 700Hz on the right side and the modeled transfer 

function of the same range on the left side. 

 

Figure 23: System Identification window representing imported data collected from the flexible 

PDMS electrodes in the range of 800Hz to 1000Hz on the right side and the modeled transfer 

function of the same range on the left side. 
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Microelectrode Array (MEA) using Matrigel 

The System Identification window representing imported data collected from 

the Microelectrode Array using Matrigel on the right side and the modeled 

transfer function of the same range on the left side. 

For diagonal 1-25 MEA 

 

Figure 24: System Identification window representing imported data collected from 
Microelectrode Array using Matrigel for 1-25 diagonal in the range of 10Hz to 1000Hz on the 

right side and the modeled transfer function of the same range on the left side. 

For diagonal 5-21 MEA 

 

Figure 25: System Identification window representing imported data collected from 

Microelectrode Array using Matrigel for the 5-21 diagonal in the range of 10Hz to 1000Hz on 

the right side and the modeled transfer function of the same range on the left side. 
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Microelectrode Array (MEA) using Media 

The System Identification window representing imported data collected from 

the Microelectrode Array using Media on the right side and the modeled transfer 

function of the same range on the left side. 

For diagonal 1-25 MEA 

 

Figure 26: System Identification window representing imported data collected from 

Microelectrode Array using Media for 1-25 diagonal in the range of 10Hz to 1000Hz on the 

right side and the modeled transfer function of the same range on the left side. 

For diagonal 5-21 MEA 

 

Figure 27: System Identification window representing imported data collected from 

Microelectrode Array using Media for 5-21 diagonal in the range of 10Hz to 1000Hz on the 

right side and the modeled transfer function of the same range on the left side. 
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Microelectrode Array (MEA) using PBS 

The System Identification window representing imported data collected from 

the Microelectrode Array using PBS on the right side and the modeled transfer 

function of the same range on the left side. 

For diagonal 1-25 MEA 

 

Figure 28: System Identification window representing imported data collected from 

Microelectrode Array using PBS for 1-25 diagonal in the range of 10Hz to 1000Hz on the right 

side and the modeled transfer function of the same range on the left side. 

For diagonal 5-21 MEA 

 

Figure 29: System Identification window representing imported data collected from 
Microelectrode Array using PBS for 5-21 diagonal in the range of 10Hz to 1000Hz on the right 

side and the modeled transfer function of the same range on the left side. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1   Calibration Resistor 

The transfer functions that are calculated of the calibration resistor are in Table 

4. The transfer functions are calculated using discrete time, thus they are 

obtained z-domain and the bode plots are represented in Figure 26. 

Frequency Transfer Function Frequency Transfer Function 

 10Hz 0.0008097𝑧−1

1 + 0.4788𝑧−1 + 𝑧−2
 

200Hz 0.001042𝑧−1

1 + 0.769𝑧−1 + 𝑧−2
 

 20Hz 2.305𝑒 − 08𝑧−1

1 − 0.5𝑧−1 − 0.5𝑧−2
 

300Hz 0.0008913𝑧−1

1 + 0.4778𝑧−1 + 𝑧−2
 

30Hz 0.0009902𝑧−1

1 + 0.7167𝑧−1 + 𝑧−2
 

400Hz −1.57𝑒 − 07𝑧−1

1 − 0.5𝑧−1 − 0.5𝑧−2
 

40Hz 1.193𝑒 − 07𝑧−1

1 − 0.4998𝑧−1 − 0.4999𝑧−2
 

500Hz 2.686𝑒 − 08𝑧−1

1 − 0.5𝑧−1 − 0.5𝑧−2
 

50Hz 0.0009481𝑧−1

1 + 0.488𝑧−1 + 𝑧−2
 

600Hz 0.00118𝑧−1

1 + 0.4863𝑧−1 + 𝑧−2
 

60Hz 0.0009586𝑧−1

1 + 0.6716𝑧−1 + 𝑧−2
 

700Hz 0.001017𝑧−1

1 + 0.6371𝑧−1 + 𝑧−2
 

70Hz 2.18𝑒 − 07𝑧−1

1 − 0.4996𝑧−1 − 0.4998𝑧−2
 

800Hz 8.27𝑒 − 08𝑧−1

1 − 0.4999𝑧−1 − 0.4999𝑧−2
 

80Hz 0.0009696𝑧−1

1 + 0.6612𝑧−1 + 𝑧−2
 

900Hz 0.001012𝑧−1

1 + 0.4727𝑧−1 + 𝑧−2
 

90Hz 6.774𝑒 − 07𝑧−1

1 − 0.4987𝑧−1 − 0.4994𝑧−2
 

1000Hz 0.000879𝑧−1

1 + 0.4688𝑧−1 + 𝑧−2
 

100Hz 1.184𝑒 − 06𝑧−1

1 − 0.498𝑧−1 − 0.499𝑧−2
 

  

Table 4: Transfer Functions of the calibration resistor 
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3.2   Flexible PDMS Electrodes  

3.2.1   PDMS Electrodes with Instrumentation  

(2 Poles, 1 Zero transfer function) 

The transfer functions that are calculated of the PDMS electrodes along with the 

instrumentation using saline are in Table 5. The transfer functions are calculated 

using discrete time, thus they are obtained z-domain and the bode plots are 

represented in Figure 28. 

Frequency Transfer Function Frequency Transfer Function 

 10Hz −8.383𝑒 − 07𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

200Hz 1.209𝑒 − 07𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

 20Hz −1.496𝑒 − 05𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

300Hz −4.175𝑒 − 06𝑧−1

1 − 1.999𝑧−1 + 0.9989𝑧−2
 

30Hz −0.3903𝑧−1

1 + 1.361𝑧−1 + 0.3705𝑧−2
 

400Hz 4.403𝑒 − 07𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

40Hz −0.4097𝑧−1

1 + 1.587𝑧−1 + 0.6818𝑧−2
 

500Hz −0.0001409𝑧−1

1 − 1.976𝑧−1 + 0.9775𝑧−2
 

50Hz −0.0003808𝑧−1

1 − 1.997𝑧−1 + 𝑧−2
 

600Hz −1.765𝑒 − 05𝑧−1

1 − 1.997𝑧−1 + 0.9976𝑧−2
 

60Hz −0.5367𝑧−1

1 + 1.901𝑧−1 + 0.9011𝑧−2
 

700Hz −0.01815𝑧−1

1 + 0.07616𝑧−1 − 0.9235𝑧−2
 

70Hz −0.4296𝑧−1

1 + 1.335𝑧−1 + 0.3369𝑧−2
 

800Hz −0.0302𝑧−1

1 + 0.1239𝑧−1 − 0.8761𝑧−2
 

80Hz −0.0004824𝑧−1

1 − 1.997𝑧−1 + 𝑧−2
 

900Hz −9.88𝑒 − 05𝑧−1

1 − 1.991𝑧−1 + 0.9917𝑧−2
 

90Hz −0.4703𝑧−1

1 + 1.628𝑧−1 + 0.6281𝑧−2
 

1000Hz −0.00081332𝑧−1

1 − 1.935𝑧−1 + 0.9419𝑧−2
 

100Hz −0.4858𝑧−1

1 + 1.759𝑧−1 + 0.828𝑧−2
 

  

Table 5: Transfer Functions of the PDMS electrodes along with the Instrumentation 

Figure 30: Bode Plots of Calibration Resistor 
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3.2.2   PDMS Electrodes Eliminating Instrumentation  

(2 Poles, 2 Zero transfer function) 

The transfer functions that are calculated of the PDMS electrodes eliminating 

the instrumentation using saline are in Table 6. The transfer functions are 

calculated using discrete time, thus they are obtained z-domain and the bode 

plots are represented in Figure 29. 

Frequency Transfer Function 

 10Hz −1.305𝑒 − 06 − 4.948𝑒 − 07𝑧−1 − 1.035𝑒 − 06𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

 20Hz −0.649 − 0.3245𝑧−1

1 − 𝑧−1
 

30Hz −0.3942 − 0.2825𝑧−1 − 0.3942𝑧−2

1 + 1.361𝑧−1 + 0.3705𝑧−2
 

40Hz −3434 + 1716𝑧−1 + 1717𝑧−2

1 + 1.587𝑧−1 + 0.6818𝑧−2
 

50Hz −0.0004016 − 0.000196𝑧−1 − 0.0004016𝑧−2

1 − 1.997𝑧−1 + 𝑧−2
 

60Hz −0.5599 − 0.376𝑧−1 − 0.5599

1 + 1.901𝑧−1 + 0.9011𝑧−2
 

70Hz −1971 + 984.5𝑧−1 + 984.9𝑧−2

1 + 1.335𝑧−1 + 0.3369𝑧−2
 

80Hz −0.0004975 − 0.000329𝑧−1 − 0.0004975

1 − 1.997𝑧−1 + 𝑧−2
 

90Hz −694.3 + 346.2𝑧−1 + 346.7𝑧−2

1 + 1.628𝑧−1 + 0.6281𝑧−2
 

Figure 31: Bode Plots of the PDMS Electrodes along with the Instrumentation 
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100Hz 0.001009 − 5.023𝑒 − 05𝑧−1 − 5.034𝑒 − 05𝑧−2

1 + 1.759𝑧−1 + 0.828𝑧−2
 

200Hz 1.16𝑒 − 07 + 8.922𝑒 − 08𝑧−1 + 1.16𝑒 − 07𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

300Hz −4.684𝑒 − 06 − 2.238𝑒 − 06𝑧−1 − 4.684𝑒 − 06𝑧−2

1 − 1.999𝑧−1 + 0.9989𝑧−2
 

400Hz −0.002804 − 0.001402𝑧−1

1 − 𝑧−1
 

500Hz −5.246 + 2.623𝑧−1 + 2.623𝑧−2

1 − 1.976𝑧−1 + 0.9775𝑧−2
 

600Hz −1.496𝑒 − 05 − 7.274𝑒 − 06𝑧−1 − 1.496𝑒 − 05𝑧−2

1 − 1.997𝑧−1 + 0.9976𝑧−2
 

700Hz −0.01785 − 0.1137𝑧−1 − 0.01785𝑧−2

1 + 0.07616𝑧−1 − 0.9235𝑧−2
 

800Hz −0.0001119 + 5.591𝑒 − 05𝑧−1 + 5.591𝑒 − 05𝑧−2

1 + 0.1239𝑧−1 − 0.8761𝑧−2
 

900Hz −9.763𝑒 − 05 − 4.615𝑒 − 05𝑧−1 − 9.763𝑒 − 05𝑧−2

1 − 1.991𝑧−1 + 0.9917𝑧−2
 

1000Hz −9.253𝑒 − 05 − 4.338𝑒 − 05𝑧−1 − 9.253𝑒 − 05𝑧−2

1 − 1.935𝑧−1 + 0.9419𝑧−2
 

Table 6: Transfer Functions of the PDMS electrodes eliminating the Instrumentation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Bode Plots of the PDMS Electrodes eliminating the Instrumentation 
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3.3   Microelectrode Arrays (MEAs)  

3.3.1   Matrigel 

The transfer functions that are calculated of the Microelectrode Array using 

Matrigel along with the instrumentation are in Table 7. The transfer functions 

are calculated using discrete time, thus they are obtained z-domain and the bode 

plots are represented in Figure 30 and Figure 31. 

Diagonal 1-25 Diagonal 5-21 

Frequency Transfer Function Frequency Transfer Function 

 10Hz 0.0002226𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

 10Hz 0.001697𝑧−1

1 − 1.998𝑧−1 + 𝑧−2
 

 50Hz 0.005649𝑧−1

1 − 1.994𝑧−1 + 𝑧−2
 

 50Hz 0.2813𝑧−1

1 + 0.1617𝑧−1 − 0.8372𝑧−2
 

100Hz 0.03238𝑧−1

1 − 1.942𝑧−1 + 0.9748𝑧−2
 

100Hz 0.9767𝑧−1

1 + 0.4661𝑧−1 − 0.5292𝑧−2
 

200Hz 0.7734𝑧−1

1 + 0.3861𝑧−1 − 0.6139𝑧−2
 

200Hz 0.6149𝑧−1

1 + 0.3389𝑧−1 − 0.5945𝑧−2
 

400Hz 0.007208𝑧−1

1 − 1.976𝑧−1 + 0.9838𝑧−2
 

400Hz 0.05128𝑧−1

1 − 1.728𝑧−1 + 0.7789𝑧−2
 

600Hz 0.002209𝑧−1

1 − 1.978𝑧−1 + 0.9798𝑧−2
 

600Hz 0.0009886𝑧−1

1 − 1.99𝑧−1 + 0.99122𝑧−2
 

800Hz 0.3549𝑧−1

1 + 0.1784𝑧−1 − 0.8216𝑧−2
 

800Hz −2.332𝑒 − 05𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

1000Hz 0.001785𝑧−1

1 − 1.984𝑧−1 + 0.9862𝑧−2
 

1000Hz 0.1458𝑧−1

1 + 0.07359𝑧−1 − 0.9264𝑧−2
 

Table 7: 2 Poles, 1 Zero lumped Transfer Functions of Microelectrode Array using Matrigel 

for both the diagonals along with the Instrumentation 

For diagonal 1-25 MEA 

 

Figure 33: Bode Plots of MEA using Matrigel for diagonal 1-25 along with the 

Instrumentation 
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For diagonal 5-21 MEA 

 

 
 

The transfer functions that are calculated of the Microelectrode Array using 

Matrigel eliminating the instrumentation are in Table 8. The transfer functions 

are calculated using discrete time, thus they are obtained z-domain and the bode 

plots are represented in Figure 32 and Figure 33. It can also be seen that, after 

eliminating the instrumentation transfer function, we can see the isotropic 

behavior of the material. 

Diagonal 1-25 

Frequency Transfer Function 

 10Hz 0.002749 + 0.0001314𝑧−1 + 0.0002749𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

 50Hz 0.006845 + 0.00334𝑧−1 + 0.006845𝑧−2

1 − 1.994𝑧−1 + 𝑧−2
 

100Hz −6.723𝑒 − 06 + 3.348𝑒 − 06𝑧−1 + 3.355𝑒 − 06𝑧−2

1 − 1.942𝑧−1 + 0.9748𝑧−2
 

200Hz 0.7422 + 0.5708𝑧−1 + 0.7422𝑧−2

1 + 0.3861𝑧−1 − 0.6139𝑧−2
 

400Hz −45.91 + 22.96𝑧−1 + 22.96𝑧−2

1 − 1.976𝑧−1 + 0.9838𝑧−2
 

600Hz 0.001872 + 0.0009104𝑧−1 + 0.001872𝑧−2

1 − 1.978𝑧−1 + 0.9798𝑧−2
 

800Hz 0.001314 − 0.0006571𝑧−1 − 0.0006571𝑧−2

1 + 0.1784𝑧−1 − 0.8216𝑧−2
 

1000Hz 0.0002031 + 9.52𝑒 − 05𝑧−1 + 0.0002031𝑧−2

1 − 1.984𝑧−1 + 0.9862𝑧−2
 

Diagonal 5-21 

Frequency Transfer Function 

 10Hz 0.002096 + 0.00102𝑧−1 + 0.002096𝑧−2

1 − 1.998𝑧−1 + 𝑧−2
 

Figure 34: Bode Plots of MEA using Matrigel for diagonal 5-21 along with the 

Instrumentation 
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 50Hz 0.2967 + 0.1448𝑧−1 + 0.2967𝑧−2

1 + 0.1617𝑧−1 − 0.8372𝑧−2
 

100Hz −0.0002028 + 0.000101𝑧−1 + 0.0001012𝑧−2

1 + 0.4661𝑧−1 − 0.5292𝑧−2
 

200Hz 0.5901 + 0.4538𝑧−1 + 0.5901𝑧−2

1 + 0.3389𝑧−1 − 0.5945𝑧−2
 

400Hz −326.6 + 163.3𝑧−1 + 163.3𝑧−2

1 − 1.728𝑧−1 + 0.7789𝑧−2
 

600Hz 0.0008378 + 0.0004074𝑧−1 + 0.0008378𝑧−2

1 − 1.99𝑧−1 + 0.99122𝑧−2
 

800Hz −8.637𝑒 − 08 + 4.318𝑒 − 08𝑧−1 + 4.318𝑒 − 08𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

1000Hz 0.01659 + 0.007776𝑧−1 + 0.01659𝑧−2

1 + 0.07359𝑧−1 − 0.9264𝑧−2
 

Table 8: 2 Poles, 2 Zero Transfer Functions of Microelectrode Array using Matrigel for both 

the diagonals eliminating the Instrumentation 

For diagonal 1-25 MEA  

 

 

 

 

 

 

 

For diagonal 5-21 MEA 

    

Figure 35: Bode Plots of MEA using Matrigel for diagonal 1-25 eliminating the 

Instrumentation 

Figure 36: Bode Plots of MEA using Matrigel for diagonal 5-21 eliminating the 

Instrumentation 
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3.3.2   Media 

The transfer functions that are calculated of the Microelectrode Array using 

Media are in Table 9. The transfer functions are calculated using discrete time, 

thus they are obtained z-domain and the bode plots are represented in Figure 34 

and Figure 35. 

Diagonal 1-25 Diagonal 5-21 

Frequency Transfer Function Frequency Transfer Function 

 10Hz 0.5712𝑧−1

1 + 0.6521𝑧−1 − 0.3472𝑧−2
 

 10Hz 0.003271𝑧−1

1 − 1.997𝑧−1 + 𝑧−2
 

 50Hz 0.3483𝑧−1

1 + 0.1878𝑧−1 − 0.8121𝑧−2
 

 50Hz 0.005031𝑧−1

1 − 1.995𝑧−1 + 𝑧−2
 

100Hz −0.0006281𝑧−1

1 − 1.995𝑧−1 + 0.9949𝑧−2
 

100Hz 1.002𝑧−1

1 + 0.4997𝑧−1 − 0.5003𝑧−2
 

200Hz 0.1076𝑧−1

1 − 1.891𝑧−1 + 0.9968𝑧−2
 

200Hz 0.001574𝑧−1

1 − 1.998𝑧−1 + 𝑧−2
 

400Hz −0.0006455𝑧−1

1 − 1.999𝑧−1 + 0.9992𝑧−2
 

400Hz 0.0009432𝑧−1

1 − 1.999𝑧−1 + 𝑧−2
 

600Hz 1.143𝑧−1

1 + 0.9516𝑧−1 − 0.04818𝑧−2
 

600Hz 3.678𝑧−1

1 + 1.566𝑧−1 + 0.567𝑧−2
 

800Hz 0.01038𝑧−1

1 − 1.99𝑧−1 + 𝑧−2
 

800Hz 0.001199𝑧−1

1 − 1.999𝑧−1 + 𝑧−2
 

1000Hz 0.03079𝑧−1

1 − 1.97𝑧−1 + 𝑧−2
 

1000Hz 0.01108𝑧−1

1 − 1.987𝑧−1 + 0.99852𝑧−2
 

Table 9: 2 Poles, 1 Zero lumped Transfer Functions of Microelectrode Array using Media for 

both the diagonals along with the Instrumentation 

For diagonal 1-25 MEA 

 

Figure 37: Bode Plots of MEA using Media for diagonal 1-25 along with the 

Instrumentation 
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For diagonal 5-21 MEA 

 

 

The transfer functions that are calculated of the Microelectrode Array using 

Media eliminating the instrumentation are in Table 10. The transfer functions 

are calculated using discrete time, thus they are obtained z-domain and the bode 

plots are represented in Figure 36 and Figure 37. It can also be seen that, after 

eliminating the instrumentation transfer function, we can see the isotropic 

behavior of the material. 

Diagonal 1-25 

Frequency Transfer Function 

 10Hz 0.7054 + 0.3371𝑧−1 + 0.7054𝑧−2

1 + 0.6521𝑧−1 − 0.3472𝑧−2
 

 50Hz 0.3674 + 0.1793𝑧−1 + 0.3674𝑧−2

1 + 0.1878𝑧−1 + 0.8121𝑧−2
 

100Hz 1.304𝑒 − 07 − 6.495𝑒 − 08𝑧−1 − 6.508𝑒 − 08𝑧−2

1 − 1.995𝑧−1 + 0.949𝑧−2
 

200Hz 0.1033 + 0.7941𝑧−1 + 0.1033𝑧−2

1 − 1.891𝑧−1 − 0.9968𝑧−2
 

400Hz 4.111 − 2.056𝑧−1 − 2.056𝑧−2

1 − 1.999𝑧−1 + 0.992𝑧−2
 

600Hz 0.9686 + 0.4711𝑧−1 + 0.9686𝑧−2

1 + 0.9516𝑧−1 − 0.04818𝑧−2
 

800Hz 3.844𝑒 − 05 − 1.922𝑒 − 05𝑧−1 − 1.922𝑒 − 05𝑧−2

1 − 1.99𝑧−1 + 𝑧−2
 

1000Hz 0.003503 + 0.001642𝑧−1 + 0.003503𝑧−2

1 − 1.97𝑧−1 + 𝑧−2
 

Diagonal 5-21 

Frequency Transfer Function 

 10Hz 0.00404 + 0.001931𝑧−1 + 0.00404𝑧−2

1 − 1.997𝑧−1 + 𝑧−2
 

Figure 38: Bode Plots of MEA using Media for diagonal 5-21 along with the 

Instrumentation 
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 50Hz 0.005306 + 0.00259𝑧−1 + 0.005306𝑧−2

1 − 1.995𝑧−1 + 𝑧−2
 

100Hz 0.0002081 + 0.0001036𝑧−1 + 0.0001038𝑧−2

1 + 0.4997𝑧−1 − 0.5003𝑧−2
 

200Hz 0.001511 + 0.001162𝑧−1 + 0.001511𝑧−2

1 − 1.998𝑧−1 + 𝑧−2
 

400Hz −6.008 + 3.004𝑧−1 + 3.004𝑧−2

1 − 1.999𝑧−1 + 𝑧−2
 

600Hz 3.117 + 1.516𝑧−1 + 3.117𝑧−2

1 + 1.566𝑧−1 + 0.567𝑧−2
 

800Hz 4.441𝑒 − 06 − 2.22𝑒 − 06𝑧−1 − 2.22𝑒 − 06𝑧−2

1 − 1.999𝑧−1 + 𝑧−2
 

1000Hz 0.001261 + 0.0005909𝑧−1 + 0.001261𝑧−2

1 − 1.987𝑧−1 + 0.9985𝑧−2
 

Table 10: 2 Poles, 2 Zero Transfer Functions of Microelectrode Array using Media for both 

the diagonals eliminating the Instrumentation 

For diagonal 1-25 MEA 

 

 

 

 

 

 

 

 

For diagonal 5-21 MEA 

 

   

Figure 39: Bode Plots of MEA using Media for diagonal 1-25 eliminating the 

Instrumentation 

Figure 40: Bode Plots of MEA using Media for diagonal 5-21 eliminating the 

Instrumentation 
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3.3.3   Phosphate Buffered Saline (PBS) 

The transfer functions that are calculated of the Microelectrode Array using 

Phosphate Buffered Saline (PBS) are in Table 11. The transfer functions are 

calculated using discrete time, thus they are obtained z-domain and the bode 

plots are represented in Figure 38 and Figure 39. 

Diagonal 1-25 Diagonal 5-21 

Frequency Transfer Function Frequency Transfer Function 

 10Hz 0.1047𝑧−1

1 + 0.03207𝑧−1 − 0.9679𝑧−2
 

 10Hz 0.0009975𝑧−1

1 − 1.997𝑧−1 + 𝑧−2
 

 50Hz 0.1137𝑧−1

1 + 0.036062𝑧−1 − 0.9639𝑧−2
 

 50Hz 2.821𝑒 − 05𝑧−1

1 − 1.994𝑧−1 + 0.9943𝑧−2
 

100Hz 0.0003068𝑧−1

1 − 1.998𝑧−1 + 0.998𝑧−2
 

100Hz 0.0003297𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

200Hz 0.0003856𝑧−1

1 − 1.993𝑧−1 + 0.9937𝑧−2
 

200Hz 0.000284𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

400Hz 5.533𝑒 − 05𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

400Hz 2.282𝑒 − 05𝑧−1

1 − 1.995𝑧−1 + 0.9948𝑧−2
 

600Hz 0.05673𝑧−1

1 + 0.02997𝑧−1 − 0.97𝑧−2
 

600Hz 0.0003166𝑧−1

1 − 1.998𝑧−1 + 𝑧−2
 

800Hz −1.462𝑒 − 05𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

800Hz 1.91𝑒 − 05𝑧−1

1 − 1.995𝑧−1 + 0.9949𝑧−2
 

1000Hz −2.186𝑒 − 05𝑧−1

1 − 2𝑧−1 + 𝑧−2
 

1000Hz 0.0004102𝑧−1

1 − 1.998𝑧−1 + 𝑧−2
 

Table 11: 2 Poles, 1 Zero lumped Transfer Functions of Microelectrode Array using PBS for 

both the diagonals along with the Instrumentation 

For diagonal 1-25 MEA 

 

 

 

Figure 41: Bode Plots of MEA using PBS for diagonal 1-25 along with the Instrumentation 
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For diagonal 5-21 MEA 

 

 

The transfer functions that are calculated of the Microelectrode Array using 

Phosphate Buffered Saline (PBS) eliminating the instrumentation are in Table 

12. The transfer functions are calculated using discrete time, thus they are 

obtained z-domain and the bode plots are represented in Figure 40 and Figure 

41. It can also be seen that, after eliminating the instrumentation transfer 

function, we can see the isotropic behavior of the material. 

Diagonal 1-25 

Frequency Transfer Function 

 10Hz 0.1293 + 0.06179𝑧−1 + 0.1293𝑧−2

1 + 0.3207𝑧−1 − 0.9679𝑧−2
 

 50Hz 0.1199 + 0.05852𝑧−1 + 0.1199𝑧−2

1 + 0.03606𝑧−1 − 0.9639𝑧−2
 

100Hz −6.37𝑒 − 08 − 3.185𝑒 − 08𝑧−2

1 − 𝑧−1
 

200Hz 0.0003701 + 0.0002846𝑧−1 + 0.0003701𝑧−2

1 − 1.993𝑧−1 + 0.9937𝑧−2
 

400Hz −0.3524 − 0.1762𝑧−1

1 − 𝑧−1
 

600Hz 0.04808 + 0.02338𝑧−1 + 0.04808𝑧−2

1 + 0.02997𝑧−1 − 0.97𝑧−2
 

800Hz −5.415𝑒 − 8 + 2.707𝑒 − 08𝑧−1 + 2.707𝑒 − 08𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

1000Hz −2.487𝑒 − 06 − 1.166𝑒 − 06𝑧−1 − 2.487𝑒 − 06𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

Diagonal 5-21 

Frequency Transfer Function 

 10Hz 0.001232 + 0.0005887𝑧−1 + 0.001232𝑧−2

1 − 1.997𝑧−1 + 𝑧−2
 

Figure 42: Bode Plots of MEA using PBS for diagonal 5-21 along with the Instrumentation 
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 50Hz 2.975𝑒 − 05 + 1.452𝑒 − 05𝑧−1 + 2.975𝑒 − 05𝑧−2

1 − 1.994𝑧−1 + 0.9943𝑧−2
 

100Hz −6.846𝑒 − 08 + 3.409𝑒 − 08𝑧−1 + 3.416𝑒 − 08𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

200Hz 0.0002726 + 0.0002096𝑧−1 + 0.0002726𝑧−2

1 − 2𝑧−1 + 𝑧−2
 

400Hz −0.1454 + 0.07268𝑧−1 + 0.7268𝑧−2

1 − 1.995𝑧−1 + 0.9948𝑧−2
 

600Hz 0.0002683 + 0.0001305𝑧−1 + 0.0002683𝑧−2

1 − 1.998𝑧−1 + 𝑧−2
 

800Hz 7.074𝑒 − 08 − 3.536𝑒 − 08𝑧−1 − 3.536𝑒 − 08𝑧−2

1 − 1.995𝑧−1 + 0.9949𝑧−2
 

1000Hz 4.667𝑒 − 05 + 2.188𝑒 − 05𝑧−1 + 4.667𝑒 − 05𝑧−2

1 − 1.998𝑧−1 + 𝑧−2
 

Table 12: 2 Poles, 2 Zero Transfer Functions of Microelectrode Array using PBS for both the 

diagonals eliminating the Instrumentation 
For diagonal 1-25 MEA 

 

 

 

 

 

 

For diagonal 5-21 MEA 

   

Figure 43: Bode Plots of MEA using PBS for diagonal 1-25 eliminating the 

Instrumentation 
 

Figure 44: Bode Plots of MEA using PBS for diagonal 5-21 eliminating the 

Instrumentation 
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

The system identification method was developed and applied to the PDMS 

electrodes provided by Dr. Oh’s SMALL (Sensors and Microactuators Learning 

Lab) at the University at Buffalo. Flexible electrodes can conform to the surface 

of the skin and can improve the electrical contact at the electrode-skin interface 

for long-term chronic recordings. For example, conductive rubber electrode is 

made from silicone rubber with embedded carbon particles which are often used 

as stimulation electrode, e.g., in transcutaneous electrical nervous stimulation 

(TENS).  

Usually, its electrical impedance is higher than that of the conventional 

electrolytic gel, which can be detrimental to bio-potential recordings. Moreover, 

besides the ohmic resistance part of the electrical impedance, the changes in the 

capacitance due to double layer polarization at the electrode-skin interface can 

change its filter characteristics.  

Therefore, it is important to characterize the impedance with a transfer function 

model and investigate the changes in the ohmic resistance versus double layer 

capacitance during long-term chronic recordings. For stable chronic bio-

potential recordings, the impedance of the flexible PDMS electrodes must stable 

and as low as possible, which was not found in the tested electrodes due to cracks 

in the Ag/AgCl layer (see the right panel of the Figure 45).  

 

Figure 45: Application of PDMS electrodes to the left and limitation of PDMS showing 

cracks to the right 
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The bio-potential electrode should have low impedance in the range of the bio-

signals (0.1 Hz to 1kHz for EEG, EMG, ECG), however, the tested electrodes 

were found to fluctuate between -30 to 10 dB for the flexible PDMS electrode. 

The impedance of the MEA electrode fluctuated between -90 to 50 dB, which is 

reasonable due to small electrode size. Therefore, the impedance of the flexible 

PDMS electrode was found to be higher when compared to <1K ohm for 

Ag/AgCl electrolytic gel electrode.  

An application of PDMS electrode is shown in Figure 35 (left) where it can be 

interfaced with the flexible PCB active EEG electrode for a better interface with 

the skin. An important limitation of the PDMS electrode was generation of 

cracks shown in Figure 35 (right) in the Ag/AgCl metal deposit that significantly 

affected the impedance measures in our opinion.  

Here, the carbon-nanofiber-filled flexible electrodes may have better impedance 

characteristics. [42] Moreover, future work needs to determine appropriate 

interconnection with the flexible PDMS electrodes for collecting high quality 

signals.  

The reason for unstable impedance in the case of PDMS electrodes was 

development of cracks on the surface on the electrodes (see Figure 45). 

According to published literature [43], impedance changes due to cracks is 

frequency dependent where the transfer function model will change based on the 

width and characteristics of the cracks.  

Therefore, future work needs to investigate crack monitoring using transfer 

function modeling of the electrode-skin interface.  Electrical impedance 

spectroscopy can be used to monitor cracks on the surface of the PDMS 

electrodes. Here, the method is postulated to utilize the frequency-dependent 

behavior of thin insulating cracks: low-frequency electrical currents are blocked 

by insulating cracks, whereas high-frequency currents can pass through thin 

cracks.  

Furthermore, transdermal penetration of drugs and toxic chemical (e.g., workers 

in electronic waste recycling) can be monitoring using impedance spectroscopy 

of the Stratum Corneum using the methods presented in this thesis. In principal 

accordance, the instrumentation used for system identification of the impedance 

(and impedance spectroscopy) was made low-cost following published literature 

[44] by using an Arduino based setup interfaced with a trans-impedance 

amplifier. Figure 46 below shows the construction from the paper.  
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This low-cost hardware in conjunction with the system identification approach 

developed in this thesis can provide a powerful point of care device with flexible 

electrode impedance spectroscopy for various applications. The future work will 

focus on the validation of those applications for bench-to-beside translation. 

 

 

Figure 26: Conceptual design of the low cost impedance spectroscopy  
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Appendix 

CODES FOR CALIBRATION RESISTOR 

Code for Read Data 

clearvars 

freq = [10:10:90,100:100:1000]; 

  

A = cell(1,2,length(freq)); 

  

for i = 1:length(freq) 

     

    x = read_csv_files_resistor(freq(i)); 

    A{1,1,i} = x(:,1:2); 

 

    A{1,2,i} = x(:,3:4); 

     

end 

 

Code for Call Function 

function hz = read_csv_files_resistor(x) 

%% Initialize variables. 

filename = sprintf('C:\\Users\\jinal\\Box\\Jinal Impedance 

Studies\\Resistor Readings\\%dHz.csv',x) 

delimiter = ','; 

startRow = 20; 

  

%% Format for each line of text: 

%   column1: double (%f) 

%   column2: double (%f) 

%   column3: double (%f) 

%   column4: double (%f) 

% For more information, see the TEXTSCAN documentation. 

formatSpec = '%f%f%f%f%[^\n\r]'; 

  

%% Open the text file. 

fileID = fopen(filename,'r'); 

  

%% Read columns of data according to the format. 

% This call is based on the structure of the file used to 

generate this 

% code. If an error occurs for a different file, try 

regenerating the code 

% from the Import Tool. 

dataArray = textscan(fileID, formatSpec, 'Delimiter', 

delimiter, 'TextType', 'string', 'EmptyValue', NaN, 

'HeaderLines' ,startRow-1, 'ReturnOnError', false, 'EndOfLine', 

'\r\n'); 

  

%% Close the text file. 

fclose(fileID); 
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%% Create output variable 

hz = [dataArray{1:end-1}]; 

end 

 

Code for Butterworth Filter 

% container for filtered data 

freq = [10:10:90,100:100:1000]; 

filtered = cell(1,3,length(freq)); 
  

for i = 1:length(freq) 

    xin = cell2mat(A(1,1,i)); 

    xout = cell2mat(A(1,2,i)); 

    D_in = filtering(xin,i); 

    D_out = filtering(xout,i); 
 

    % Make data of same size  
 

    in = D_in.data; 

    out = D_out.data; 

    time = D_out.Time; 
     

    % Delete the rows in 'in' using 'out' 
     

    in(size(out,1)+1:end,:) = []; 
     

    filtered{1,1,i} = in; 

    filtered{1,2,i} = out; 

    filtered{1,3,i} = time; 

end 
  

function filtered = filtering(x,i) 
  

freq = [10:10:90,100:100:1000]; 

x(any(isnan(x), 2), :) = []; 

fs = 1/mean(x(2:end,1)-x(1:end-1,1)); 

[b,a]=butter(1,[freq(i)-1,freq(i)+1]/(fs/2)); 

ts = timeseries(x(:,2), x(:,1)); 

filtered = filter(ts,b,a); 
  

figure 

subplot(1,2,1); plot(x(:,2)) 

title('Raw signal') 

subplot(1,2,2); plot(filtered.data) 

title('Filtered signal') 
 

end 
  

Code for Transfer Function 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.0008097],[1 0.47788 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys20 = tf([2.305e-08],[1 -0.5 -0.5],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys20,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys30 = tf([0.0009902],[1 0.7167 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys30,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys40 = tf([1.193e-07],[1 -0.4998 -0.4999],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys40,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.0009481],[1 0.488 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys60 = tf([0.0009586],[1 0.6716 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys60,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys70 = tf([2.18e-07],[1 -0.4996 -0.4998],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys70,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys80 = tf([0.0009696],[1 0.6612 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys80,freq(i),opts); 

hold on 

i = 9 

x = cell2mat(A(1,1,i)); 

sys90 = tf([6.774e-07],[1 -0.4987 -0.4994],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys90,freq(i),opts); 

hold on 

i = 10 

x = cell2mat(A(1,1,i)); 

sys100 = tf([1.184-06],[1 -0.498 -0.499],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 11 
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x = cell2mat(A(1,1,i)); 

sys200 = tf([0.001042],[1 0.769 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 12 

x = cell2mat(A(1,1,i)); 

sys300 = tf([0.0008913],[1 0.4778 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys300,freq(i),opts); 

hold on 

i = 13 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-1.57e-07],[1 -0.5 -0.5],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 14 

x = cell2mat(A(1,1,i)); 

sys500 = tf([2.686e-08],[1 -0.5 -0.5],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] =bode(sys500,freq(i),opts); 

hold on 

i = 15 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.00118],[1 0.4863 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 16 

x = cell2mat(A(1,1,i)); 

sys700 = tf([0.001017],[1 0.6371 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys700,freq(i),opts); 

hold on 

i = 17 

x = cell2mat(A(1,1,i)); 

sys800 = tf([8.27-08],[1 -0.4999 -0.4999],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 18 

x = cell2mat(A(1,1,i)); 

sys900 = tf([0.001012],[1 0.4727 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys900,freq(i),opts); 

hold on 

i = 19 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.00879],[1 0.4688 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 
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figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

CODES FOR FLEXIBLE PDMS ELECTRODES USING 

SALINE SOLUTION  

Code for Read Data 

clearvars 

freq = [10:10:90,100:100:1000]; 

  

A = cell(1,2,length(freq)); 

  

for i = 1:length(freq) 

     

    x_in = read_csv_files(freq(i),'ch1'); 

    A{1,1,i} = table2array(x_in); 

     

    x_out = read_csv_files(freq(i),'ch2'); 

    A{1,2,i} = table2array(x_out); 

     

end 

 

Code for Call Function 

function hz = read_csv_files(x,ch) 

filename = sprintf('C:\\Users\\jinal\\Box\\Jinal Impedance 

Studies\\Readings - CVS files\\%dhz.%s.csv',x,ch); 

delimiter = ','; 

startRow = 7; 

  

%% Format for each line of text: 

%   column1: double (%f) 

%   column2: double (%f) 

% For more information, see the TEXTSCAN documentation. 

formatSpec = '%f%f%[^\n\r]'; 

  

%% Open the text file. 

fileID = fopen(filename,'r'); 

  

%% Read columns of data according to the format. 

% This call is based on the structure of the file used to 

generate this 

% code. If an error occurs for a different file, try 

regenerating the code 

% from the Import Tool. 

textscan(fileID, '%[^\n\r]', startRow-1, 'WhiteSpace', '', 

'ReturnOnError', false, 'EndOfLine', '\r\n'); 

dataArray = textscan(fileID, formatSpec, 'Delimiter', 

delimiter, 'TextType', 'string', 'EmptyValue', NaN, 

'ReturnOnError', false); 
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%% Close the text file. 

fclose(fileID); 

  

%% Create output variable 

hz = table(dataArray{1:end-1}, 'VariableNames', 

{'xpos','value'}); 

% hz = [dataArray{1:end-1}]; 

%% Clear temporary variables 

clearvars filename delimiter startRow formatSpec fileID 

dataArray ans; 

  

end 

 

Code for Butterworth Filter 

% container for filtered data 

freq = [10:10:90,100:100:1000]; 

filtered = cell(1,3,length(freq)); 

  

for i = 1:length(freq) 

    xin = cell2mat(A(1,1,i)); 

    xout = cell2mat(A(1,2,i)); 

    D = filtering(xin,i); 

    filtered{1,1,i} = D.data; 

    D = filtering(xout,i); 

    filtered{1,2,i} = D.data; 

    filtered{1,3,i} = D.Time; 

end 

  

function filtered = filtering(x,i) 

  

freq = [10:10:90,100:100:1000]; 

fs = 1/mean(x(2:end,1)-x(1:end-1,1)); 

[b,a]=butter(2,[freq(i)-1,freq(i)+1]/(fs/2)); 

ts = timeseries(x(:,2),x(:,1)); 

filtered = filter(ts,b,a); 

  

figure 

subplot(1,2,1); plot(x(:,2)) 

title('Raw signal') 

subplot(1,2,2); plot(filtered.data) 

title('Filtered signal') 

end 

  

Code for Transfer Function along with the Instrumentation 

read_data 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([-8.383e-07],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 



55 
 

x = cell2mat(A(1,1,i)); 

sys20 = tf([-1.496e-05],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys20,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys30 = tf([-0.3903],[1 1.361 0.3705],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys30,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys40 = tf([-0.4097],[1 1.587 0.6818],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys40,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys50 = tf([-0.0003808],[1 -1.997 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys60 = tf([-0.5367],[1 1.901 0.9011],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys60,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys70 = tf([-0.4296],[1 1.335 0.3369],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys70,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys80 = tf([-0.0004824],[1 -1.997 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys80,freq(i),opts); 

hold on 

i = 9 

x = cell2mat(A(1,1,i)); 

sys90 = tf([-0.4703],[1 1.628 0.6281],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys90,freq(i),opts); 

hold on 

i = 10 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-0.4858],[1 1.759 0.828],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 11 

x = cell2mat(A(1,1,i)); 

sys200 = tf([1.209e-07],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 12 

x = cell2mat(A(1,1,i)); 

sys300 = tf([-4.175e-06],[1 -1.999 0.9989],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys300,freq(i),opts); 

hold on 

i = 13 

x = cell2mat(A(1,1,i)); 

sys400 = tf([4.403e-07],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 14 

x = cell2mat(A(1,1,i)); 

sys500 = tf([-0.0001409],[1 -1.976 0.9775],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] =bode(sys500,freq(i),opts); 

hold on 

i = 15 

x = cell2mat(A(1,1,i)); 

sys600 = tf([-1.765e-05],[1 -1.997 0.9976],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 16 

x = cell2mat(A(1,1,i)); 

sys700 = tf([-0.01815],[1 0.07616 -0.9235],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys700,freq(i),opts); 

hold on 

i = 17 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-0.0302],[1 0.1239 -0.8761],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 18 

x = cell2mat(A(1,1,i)); 

sys900 = tf([-9.88e-05],[1 -1.991 0.9917],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys900,freq(i),opts); 

hold on 

i = 19 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([-0.0008133],[1 -1.935 0.9419],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 
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xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

Code for Transfer Function eliminating the Instrumentation 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([-1.305e-06 -4.948e-07 -1.035e-06],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys20 = tf([-0.649 -0.3245],[1 -1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys20,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys30 = tf([-0.3942 -0.2825 -0.3942],[1 1.361 

0.3705],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys30,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys40 = tf([-0.0004097 0.0002048 0.0002048],[1.93e-07 1.893e-07 

8.134e-08],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

% sys40 = tf([-3434 1716 1717],[1 1.587 0.681],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys40,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys50 = tf([-0.0004016 -0.000196 -0.0004016],[1 -1.997 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys60 = tf([-0.5599 -0.376 -0.5599],[1 1.901 

0.9011],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys60,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys70 = tf([-1971 984.5 984.9],[1 1.335 

0.3369],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys70,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys80 = tf([-0.0004975 -0.000329 -0.0004975],[1 -1.997 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)] = bode(sys80,freq(i),opts); 

hold on 

i = 9 

x = cell2mat(A(1,1,i)); 

sys90 = tf([-694.3 346.2 346.7],[1 1.628 

0.6281],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys90,freq(i),opts); 

hold on 

i = 10 

x = cell2mat(A(1,1,i)); 

sys100 = tf([0.0001009 -5.023e-05 -5.034e-05],[1 1.759 

0.828],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 11 

x = cell2mat(A(1,1,i)); 

sys200 = tf([1.16e-07 8.922e-08 1.16e-07],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 12 

x = cell2mat(A(1,1,i)); 

sys300 = tf([-4.684e-06 -2.238e-06 -4.684e-06],[1 -1.999 

0.9989],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys300,freq(i),opts); 

hold on 

i = 13 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-0.002804 -0.001402],[1 -1],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 14 

x = cell2mat(A(1,1,i)); 

sys500 = tf([-5.246 2.623 2.623],[1 -1.976 

0.9775],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] =bode(sys500,freq(i),opts); 

hold on 

i = 15 

x = cell2mat(A(1,1,i)); 

sys600 = tf([-1.496e-05 -7.274e-06 -1.496e-05],[1 -1.997 

0.9976],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 16 

x = cell2mat(A(1,1,i)); 

sys700 = tf([-0.01785 -0.1137 -0.01785],[1 0.07616 -

0.9235],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys700,freq(i),opts); 

hold on 

i = 17 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-0.0001119 5.591e-05 5.591e-05],[1 0.1239 -

0.8761],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 18 
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x = cell2mat(A(1,1,i)); 

sys900 = tf([-9.763e-05 -4.615e-05 -9.763e-05],[1 -1.991 

0.9917],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1');  

[mag(i),phase(i),wout(i)] = bode(sys900,freq(i),opts); 

hold on 

i = 19 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([-9.92-05 -4.338e-05 -9.253e-05],[1 -1.935 

0.9419],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

CODES FOR MEA’s USING DIFFERENT ELECTROLYTIC 

SOLUTIONS 

Code for Read Data  

clearvars 

freq = [10*[1:4:5],100,200*[1:5]]; 

  

A = cell(1,2,length(freq)); 

  

for i = 1:length(freq) 

     

    x = read_csv_files_organoid(freq(i)); 

    A{1,1,i} = x(:,1:2); 

     

    A{1,2,i} = x(:,3:4); 

     

end 

 

Code for Call Function  

function hz = read_csv_files_organoid(x) 

 

%% Initialize variables. 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\Media (5V)\\1-25\\%dHz.csv',x) 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\Media (5V)\\5-21\\%dHz.csv',x) 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\Matrigel (10V)\\1-25\\%dHz.csv',x) 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\Matrigel (10V)\\5-21\\%dHz.csv',x) 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\PBS (5V)\\1-25\\%dHz.csv',x) 
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filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\PBS (5V)\\1-25 v2\\%dHz.csv',x) 

filename = sprintf('C:\\Users\\jinal\\Box\\Organoid 

Project\\Readings\\PBS (5V)\\5-21\\%dHz.csv',x) 

delimiter = ','; 

startRow = 20; 

  

%% Format for each line of text: 

%   column1: double (%f) 

%   column2: double (%f) 

%   column3: double (%f) 

%   column4: double (%f) 

% For more information, see the TEXTSCAN documentation. 

formatSpec = '%f%f%f%f%[^\n\r]'; 

  

%% Open the text file. 

fileID = fopen(filename,'r'); 

  

%% Read columns of data according to the format. 

% This call is based on the structure of the file used to 

generate this 

% code. If an error occurs for a different file, try 

regenerating the code 

% from the Import Tool. 

dataArray = textscan(fileID, formatSpec, 'Delimiter', 

delimiter, 'TextType', 'string', 'EmptyValue', NaN, 

'HeaderLines' ,startRow-1, 'ReturnOnError', false, 'EndOfLine', 

'\r\n'); 

  

%% Close the text file. 

fclose(fileID); 

  

%% Create output variable 

hz = [dataArray{1:end-1}]; 

end 

 

Code for Butterworth Filter  

% container for filtered data 

freq = [10*[1:4:5],100,200*[1:5]]; 

filtered = cell(1,3,length(freq)); 
  

for i = 1:length(freq) 

    xin = cell2mat(A(1,1,i)); 

    xout = cell2mat(A(1,2,i)); 

    D = filtering(xin,i); 

    filtered{1,1,i} = D.data; 

    D = filtering(xout,i); 

    filtered{1,2,i} = D.data; 

    filtered{1,3,i} = D.Time; 

end 
  

function filtered = filtering(x,i) 
  

freq = [10*[1:4:5],100,200*[1:5]]; 

fs = 1/mean(x(2:end,1)-x(1:end-1,1)); 

[b,a]=butter(2,[freq(i)-1,freq(i)+1]/(fs/2)); 
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ts = timeseries(x(:,2),x(:,1)); 

filtered = filter(ts,b,a); 
  

figure 

subplot(1,2,1); plot(x(:,2)) 

title('Raw signal') 

subplot(1,2,2); plot(filtered.data) 

title('Filtered signal') 

end 
  

Code for Transfer Function along with the Instrumentation 

TFM Matrigel 1-25 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.0002226],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.005649],[1 -1.994 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([0.03238],[1 -1.942 0.9748],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.7734],[1 0.3861 -0.6139],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([0.007208],[1 -1.976 0.9838],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.002209],[1 -1.978 0.9798],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([0.3549],[1 0.1784 -0.8216],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.001785],[1 -1.984 0.9862],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Matrigel 5-21 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.001697],[1 -1.998 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.2813],[1 0.1617 -0.8372],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([0.9767],[1 0.4661 -0.5292],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.6149],[1 0.3389 -0.5945],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([0.05128],[1 -1.728 0.7789],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 
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sys600 = tf([0.0009886],[1 -1.99 0.9912],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-2.332e-05],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.1458],[1 0.07359 -0.9264],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Media 1-25 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.5712],[1 0.6521 -0.3472],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.3483],[1 0.1878 0.8121],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-0.0006281],[1 -1.995 0.9949],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.1076],[1 -1.891 0.9968],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 
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x = cell2mat(A(1,1,i)); 

sys400 = tf([-0.0006455],[1 -1.999 0.9992],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([1.143],[1 0.9516 -0.04818],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([0.01038],[1 -1.99 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.03079],[1 -1.97 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Media 5-21 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.003271],[1 -1.997 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.005031],[1 -1.995 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([1.002],[1 0.4997 -0.5003],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 
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i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.001574],[1 -1.998 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([0.0009432],[1 -1.999 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([3.678],[1 1.566 0.567],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([0.001199],[1 -1.999 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.01108],[1 -1.987 0.9985],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM PBS 1-25 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.1047],[1 0.03207 -0.9679],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.1137],[1 0.03606 -0.9639],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 
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hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([0.0003068],[1 -1.998 0.998],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.0003856],[1 -1.993 0.9937],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([5.533e-05],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.05673],[1 0.02997 -0.97],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-1.462e-05],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([-2.186e-05],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM PBS 5-21 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.0009975],[1 -1.997 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([2.821e-05],[1 -1.994 0.9943],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([0.0003297],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.000284],[1 -2 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([2.282e-05],[1 -1.995 0.9948],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.0003166],[1 -1.998 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([1.91e-05],[1 -1.995 0.9949],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.0004102],[1 -1.998 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

hold on 

figure (1); 

plot(freq,20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 
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Code for Transfer Function eliminating the Instrumentation 

TFM Matrigel 1-25 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.0002749 0.0001314 0.0002749],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.006845 0.00334 0.006845],[1 -1.994 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-6.723e-06 3.348e-06 3.355e-06],[1 1.942 

0.9748],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.7422 0.5708 0.7422],[1 0.3861 -

0.6139],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-45.91 22.96 22.96],[1 -1.976 

0.9838],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.001872 0.0009104 0.001872],[1 -1.978 

0.9798],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([0.001314 -0.00065712 -0.0006571],[1 0.1784 -

0.8216],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.0002031 9.52e-05 0.0002031],[1 -1.984 

0.9862],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 
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title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Matrigel 5-21 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.002096 0.001002 0.002096],[1 -1.998 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.2967 0.1448 0.2967],[1 0.1617 -

0.8372],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-0.0002028 0.000101 0.0001012],[1 0.4661 -

0.5242],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.5901 0.4538 0.5901],[1 0.3389 -

0.5945],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-326.6 163.3 163.3],[1 -1.728 

0.7789],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.0008378 0.0004074 0.0008378],[1 -1.99 

0.9912],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-8.637e-08 4.318e-08 4.318e-08],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 
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hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.01659 0.007776 0.01659],[1 0.07359 -

0.9264],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Media 1-25 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.7054 0.3371 0.7054],[1 0.6521 -

0.3472],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.3674 0.1793 0.3674],[1 0.1878 

0.8121],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([1.304e-07 -6.495e-08 6.508e-08],[1 -1.995 

0.9949],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.1033 0.7941 0.1033],[1 -1.891 

0.9968],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([4.111 -2.056 -2.056],[1 -1.999 

0.9992],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 
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sys600 = tf([0.9686 0.4711 0.9686],[1 0.9516 -

0.04818],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([3.344e-05 -1.922e-05 -1.922e-05],[1 -1.99 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.003503 0.001642 0.003503],[1 -1.97 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM Media 5-21 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.00404 0.001931 0.00404],[1 -1.997 1],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.005306 0.00259 0.005306],[1 -1.995 1],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-0.0002081 0.0001036 0.0001038],[1 0.4997 -

0.5003],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.001511 0.001162 0.001511],[1 -1.998 1],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 
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i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-6.008 3.004 3.004],[1 -1.999 1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([3.117 1.516 3.117],[1 1.566 0.567],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([4.441e-06 -2.22e-06 -2.22e-06],[1 -1.999 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([0.001261 0.0005909 0.001261],[1 -1.987 

0.9985],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM PBS 1-25 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.1293 0.06179 0.1293],[1 0.3207 -

0.9679],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 

sys50 = tf([0.1199 0.05852 0.1199],[1 0.03606 -

0.9639],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-6.37e-08 -3.185e-08],[1 -1],mean(x(2:end,1)-

x(1:end-1,1)),'variable','z^-1'); 
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[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.0003701 0.0002846 0.0003701],[1 -1.993 

0.9937],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-0.3524 -0.1762],[1 -1],mean(x(2:end,1)-x(1:end-

1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.04808 0.02338 0.04808],[1 0.02997 -

0.97],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([-5.415e-08 2.707e-08 2.707e-08],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([-2.487e-06 -1.166e-06 -2.487e-06],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 

 

TFM PBS 5-21 

% clear all 

opts = bodeoptions('cstprefs'); 

opts.FreqUnits = 'Hz'; 

opts.FreqScale = 'Linear'; 

i = 1 

x = cell2mat(A(1,1,i)); 

sys10 = tf([0.001232 0.0005887 0.001232],[1 -1.997 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)]  = bode(sys10,freq(i), opts); 

hold on 

i = 2 

x = cell2mat(A(1,1,i)); 
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sys50 = tf([2.975e-05 1.452e-05 2.975e-05],[1 -1.994 

0.9943],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys50,freq(i),opts); 

hold on 

i = 3 

x = cell2mat(A(1,1,i)); 

sys100 = tf([-6.846e-08 3.409e-08 3.416e-08],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys100,freq(i),opts); 

hold on 

i = 4 

x = cell2mat(A(1,1,i)); 

sys200 = tf([0.0002726 0.0002096 0.0002726],[1 -2 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys200,freq(i),opts); 

hold on 

i = 5 

x = cell2mat(A(1,1,i)); 

sys400 = tf([-0.1454 0.07268 0.7268],[1 -1.995 

0.9948],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys400,freq(i),opts); 

hold on 

i = 6 

x = cell2mat(A(1,1,i)); 

sys600 = tf([0.0002683 0.0001305 0.0002683],[1 -1.998 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys600,freq(i),opts); 

hold on 

i = 7 

x = cell2mat(A(1,1,i)); 

sys800 = tf([7.074e-08 -3.536e-08 -3.536e-08],[1 -1.995 

0.9949],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys800,freq(i),opts); 

hold on 

i = 8 

x = cell2mat(A(1,1,i)); 

sys1000 = tf([4.667e-05 2.188e-05 4.667e-05],[1 -1.998 

1],mean(x(2:end,1)-x(1:end-1,1)),'variable','z^-1'); 

[mag(i),phase(i),wout(i)] = bode(sys1000,freq(i),opts); 

figure (1); 

plot(freq, 20*log10(mag)) 

title('Magnitude Plot') 

xlabel('Frequency (Hz)')  

ylabel('Magnitude (dB)') 

figure (2); 

plot(freq,phase) 

title('Phase Plot') 

xlabel('Frequency (Hz)')  

ylabel('Phase (Degrees)') 
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