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ABSTRACT
Optimizing electrode performance in electromyography (EMG) and electrical impedance tomography (EIT) is critical
to advancing muscle data acquisition. This study systematically evaluates various electrode types, shapes, and
materials, focusing on optimizing signal-to-noise ratio, durability, and long-term usability. A key contribution of this
research is the identification of stainless-steel electrodes as the most efficient option, demonstrating superior signal
stability, oxidation resistance, and reusability compared to disposable alternatives. This finding not only improves
the reliability of EMG and EIT measurements but also offers a sustainable and cost-effective solution for clinical
and research applications. By providing empirical evidence on electrode selection and design, this study lays the
foundation for improved methodologies in rehabilitation, sports medicine, and neurology, ultimately improving
patient care and deepening understanding of muscle physiology.
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RESUMEN

Optimizar el rendimiento de los electrodos en la electromiografia (EMG) y la tomografia de impedancia eléctrica
(EIT) es fundamental para avanzar en la adquisicién de datos musculares. Este estudio evalia sistematicamente
varios tipos, formas y materiales de electrodos, centrandose en optimizar la relacion senal/ruido, la durabilidad y la
usabilidad a largo plazo. Una contribucion clave de esta investigacion es la identificacion de los electrodos de acero
inoxidable como la opcion mas eficiente, demostrando una estabilidad de sefial superior, resistencia a la oxidacion
y reutilizacién en comparacion con las alternativas desechables. Este hallazgo no solo mejora la confiabilidad de las
mediciones de EMG y EIT, sino que también ofrece una solucion sostenible y rentable para aplicaciones clinicas y de
investigacion. Al proporcionar evidencia empirica sobre la seleccién y el disenio de electrodos, este estudio sienta las
bases para mejorar las metodologias en rehabilitacion, medicina deportiva y neurologia, lo que en tltima instancia
mejora la atencion al paciente y profundiza la comprension de la fisiologia muscular.

PALABRAS CLAVE: Contraccion isométrica, contraccion isotonica, electrodos, EMG, EIT
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INTRODUCTION

Electromyography (EMG) and electrical impedance tomography (EIT) have been established as key tools in the
assessment of muscle activity and changes in the electrical properties of tissues.

EMG is considered a non-invasive technique!", capable of detecting, recording and interpreting electrical activities
produced by the generation of action potentials in muscle fibers!?!, where their amplitudes are in the range of 0 to 5
mV, and their energy is concentrated in the range of 10 to 500 Hz"® (see Figure 1). Surface electromyography (SEMG)
signals contain information widely applied in prosthetics#, rehabilitation!s, collaboration between humans and
robots!® and teleoperation!”. However, one of the main challenges that must be overcome in real-life environments
are electrode displacement!®®!, arm position changes!*?"1], fatiguel’?, and time-related effects!3l.
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FIGURE 1.Surface electromyography block diagram. a) Detection of biceps myoelectric potentials. b) Biopotential
amplification. c) Signal filtering and conditioning. d) A/D conversion. e) Data visualization.

Complementary and novel techniques are entering the world of biopotentials, driven by the need to extract and
analyze the vast amount of information they contain, which often cannot be captured efficiently with conventional
methods. A prominent example is electrical impedance tomography (EIT), a noninvasive bioelectrical potential
techniquel¥ that uses small electrical currents to measure changes in tissue impedance, allowing for real-time
image reconstruction (see Figure 2). EIT is not only safe and radiation-free, but also offers advantages such as por-
tability and reduced costs compared to other imaging modalities. This makes it especially useful for clinical applica-
tions such as electromyometrial imaging (EMMI), predicting premature delivery!s!, pulmonary vein isolation imag-
ingl*®l, or characterizing myocardial infarction through EEG signalst7..
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FIGURE 2. Block diagram of an EIT system.
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The aim of this research is to evaluate the potential of combining EMG and EIT to optimize the assessment of
muscle function in rehabilitation, integrating the information obtained from both techniques to more accurately
understand muscle changes and develop personalized treatments. The quality of the signals obtained by EMG and
EIT is directly influenced by the selection of the electrodes, whose materials and geometries have a significant
impact on the signal-to-noise ratio and the accuracy of the measurements!'®1'9, Although disposable silver/silver
chloride (Ag/AgCl) electrodes are widely used due to their excellent performance, their high cost and the environ-
mental impact associated with their use represent important limitations, especially in resource-limited settings.
Therefore, this study focuses on evaluating the performance of reusable electrodes made of materials such as stain-
less steel and nickel-copper alloy, comparing key metrics such as signal-to-noise ratio and root mean square error.
The expected results include the identification of electrode materials and designs that offer the lowest error and
highest efficiency compared to Ag/AgCl electrodes, laying the foundation for their application in EMG and EIT in a
sustainable and accessible way.

Literature review

The integration of techniques such as electromyography (EMG) and electrical impedance tomography (EIT) has
been a central focus in recent studies due to their ability to offer complementary assessments of muscle activity.
Morgado (2021) initiated the foundations of the study of bioelectricity by demonstrating the ability of living organ-
isms to generate electricity through experiments with isolated nerves and muscles, paving the way for subsequent
research on electrical behavior in biological tissues*. Barrios et al. (2020) contributed to this field by analyzing
electrical conductivity in different tissues and materials through the use of metallic electrodes, showing variations
in conductivity depending on the material used and highlighting the need to control physiological variables to
improve precision in applications such as electrotherapy®'. In this context,?, further investigated the sensitivity
of EIM during voluntary muscle contractions of the biceps brachii, observing a significant decrease in impedance
during muscle contraction and expanding the knowledge on the usefulness of this technique to assess muscle
dynamics??. Starting in 2020, myoelectric signals began to have a greater impact on the control of robotic arms,
through the development of a control system based on SVM models, based on the analysis and classification of
SsEMG signal patterns from the hand, marking significant advances in brain-machine interfaces, although with lim-
ited application to specific hand movements?3!. Wang et al. (2020) investigated the relationship between electrical
impedance and muscle fatigue using statistical models and tests at different measurement angles of the biceps,
identifying the influence of external factors such as temperature and hydration, underlining the importance of stan-
dardizing experimental conditions to obtain reliable measurements?4. Furthermore, Freeborn et al. (2020) studied
how physical activity affects muscle impedance, revealing that essentially active individuals present a lower imped-
ance compared to sedentary ones, which, although limited to a small sample, provides evidence on the relationship
between bioimpedance and physical activity!?5.. In a related study, Freeborn and Fu (2018) analyzed the accuracy of
bioimpedance measurements in biceps tissues during exhausting exercises, contributing to improve the accuracy of
bioimpedance measurement equipment through the analysis of relative errors in resistance!?®.. Finally, Rutkove and
Sanchez (2019) explored EIM as a tool for monitoring neuromuscular diseases, highlighting its sensitivity to track
the progression of pathologies through varied exercise protocols, although they pointed out the need to improve
calibration and minimize the influence of external factors®7.

Taken together, the work carried out in this field reinforces the feasibility of combining EMG and EIT for the assess-
ment of muscle and other pathologies (Figure 3). Recent studies have shown that this conjunction is particularly
useful in biceps muscle activation protocols, as observed in experiments where both techniques allow the assess-
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ment of muscle progression in both sedentary and active individuals. The advances highlight the potential of inte-
grating both tools into portable devices that can be applied in clinical, sports and rehabilitation contexts.
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FIGURE 3. Diagnosis of the disease and clinical follow-up of EMG and EIT.

Electromyography (EMG) and Electrical Impedance Tomography (EIT)
Electromyography (EMG)

Electromyography (EMG) is a biomedical measurement tool used to assess muscle motor activity and localize
peripheral lesions. Muscle electrical activity is the result of cell shortening, leading to general muscle contraction
and generating a biopotential®®. This activity stimulates several muscle groups!®, jointsi3?, upper and lower
limbs31, as well as the spine (Farina et al., 2003). Despite being a relatively simple measurement technique, quan-

tifying EMG signals can be quite complicated!3?. Figure 4 illustrates muscle contraction as a response of muscle
fibers to the all-or-none process.

According to!33, the resting state is the inactive condition of a cell before and after generating an action potential.
When a stimulus excites the cell with a current exceeding the threshold, an action potential is triggered; otherwise,
the cell remains in a resting state, known as the failed state. During depolarization, the membrane potential changes
from negative to positive, giving rise to the action potential. Repolarization then occurs, as the cell returns to its
resting state by transitioning from a positive to a negative potential. Finally, the refractory period occurs, during
which the cell is temporarily unable to respond to new stimuli, ensuring proper signal propagation.

Voltaje (mV)

Threshald

Resting State

T Time (mS)

FIGURE 4. Action potential and its division.
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According to Lee et al.'34, Table 1 provides a detailed overview of the amplitude and frequency variations of various
biological signals that the human body can generate.

TABLE 1. Frequency ranges for biomedical signals.

Signal Type Frequency Range Amplitude
Electroencephalogram 0.5-60Hz 15-100pV
Electromyogram 10-200Hz 0.1-5uV
Electrocardiogram 0.05-250Hz 100 pV (child)
5mV (young)
Electrogastogram 0.7-70Hz 2mV
Electroneurogastogram 250-5000Hz 0-100 pVv

Electrical Impedance Tomography (EIT)

Electrical Impedance Tomography (EIT) is an advanced noninvasive medical imaging technique that allows the
evaluation of the conductivity or permittivity distribution of the human body. This procedure is carried out by plac-
ing conductive electrodes on the surface of the skin, where low-intensity electrical currents are applied and the
resulting electrical potentials are measured to obtain an image of the internal impedance of the body3513¢! (see Figure
5). EIT has proven useful in a variety of fields, being used in the quality control of materials, such as polymers or
composite materials, where its ability to detect variations in conductivity is of great usel*”. In addition, the technique
is used in geological exploration to identify variations in the electrical properties of the subsoil, which facilitates the
detection of natural resources or the evaluation of geological conditions!3®. In the medical field, EIT is used to visu-
alize and diagnose a wide range of conditions, including lung disorders, heart disease, nervous system problems and
muscle pathologies39!,
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FIGURE 5. EIT model for 16 electrodes.

EIT operates in a range between 2 kHz and 200 kHz, allowing for higher spatial and temporal resolution when
imaging internal body tissues!*s!. Table 2 details different organs with frequencies determined according to®,

Due to these differences in frequency ranges, EMG and EIT signals offer valuable complements in the analysis of
muscle function. In this regard, recent studies have shown that the combination of both techniques allows a more
accurate assessment of muscle contractions, since EMG captures the electrical activity in the muscle while EIT
allows visualizing changes in the distribution of internal impedance, providing a more complete view of muscle
physiology41i421as,
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TABLE 2. Resistivity values of different organs at given frequencies.

Tissue Resistivity (MQ) Frequency (kHz)
CsH 65 10
Blood 135-161 10
Muscle ?
Longitudinal 150 10
Transverse 2300 10
Bone *°
Longitudinal 5000 10
Longitudinal 1000 1000
Radial 16600 10
Radial 5300 1000
2 The measurement of this organ is carried out in two planes
>The measurement of this organ was carried out at two different frequencies

Biceps injuries

Biceps injuries encompass a variety of conditions affecting the biceps muscle and its tendons, which are usually
the result of overuse, acute trauma, or degenerative changes, and are common in middle-aged men and usually
affect the dominant arm. These injuries range from tendinosis and bursitis to partial or complete tears, with the
diagnosis being confirmed through clinical history, physical examination, and imaging techniques such as ultra-
sound or MRI. Treatment varies depending on the severity, being conservative in cases of partial injuries or tendi-
nosis, and surgical in complete tears, especially if the patient has high physical demands. Post-surgical rehabilita-
tion is crucial to recover strength and joint range. In injuries to the long tendon of the biceps, treatment can also be
conservative or surgical, with techniques such as tenotomy or tenodesis, which have shown good results in improv-
ing shoulder function.

MATERIALS AND METHODS

The proper performance of electrodes in EMG and EIT signal acquisition depends on multiple factors, including
material composition, electrode geometry, and their interaction with the subject's skin. In this study, a controlled
experimental protocol was developed to comparatively evaluate different types of electrodes in terms of signal qual-
ity, stability over long-term measurements, and resistance to oxidation.

To conduct this study, an experimental protocol illustrated in Figure 6 was implemented, detailing the experimen-
tal procedures, electrode layout, materials evaluated, and the techniques used in signal acquisition and data analy-
sis.
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FIGURE 6.Signal acquisition.

Participants and experimental protocol
Five healthy male participants (aged 20-26 years) were recruited to conduct a controlled analysis of electrode per-
formance, ensuring methodological feasibility and measurement consistency. Participants performed a structured
routine consisting of five different biceps-targeting exercises, each with a repetition schedule of three sets of 20
repetitions, for a total of 13 sessions. The exercises were designed to progressively induce muscle fatigue, allowing
electrode performance to be assessed under increasing physiological stress. Repetitions continued until muscle
failure was reached, ensuring a thorough evaluation of signal stability at different levels of fatigue.

Electrode placement for electromyography and electrical impedance tomography
During the experimental sessions, EMG and EIT electrode placement was performed on each subject (Figure 7)
following standardized procedures. For EMG measurements, placement was carried out according to the SENIAM
protocol“4, ensuring precise anatomical placement over the biceps muscles. For EIT, an array of 16 adjacent elec-
trodes was placed around the muscle region, ensuring a uniform and reproducible distribution across measurement
sessions. In addition, to minimize variability in skin-electrode impedance and improve stability in data acquisition,
participants' skin was prepared by meticulouslv cleaning the area and abplving conductive gel before each session.

M-

a)

FIGURE 7. Placement of the electrodes. a) Placement by EMG. b) Placement by EIT.
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Electrode set

To optimize EMG and EIT signal acquisition, a variety of electrodes with variations in material, shape, and size had
to be manufactured and evaluated (Figure 8). Their performance was compared, considering key parameters such
as signal-to-noise ratio, impedance stability, and durability over time, to identify the optimal configuration for cap-
turing muscle signals. Furthermore, the electrodes were selected based on their conductivity, corrosion resistance,
biocompatibility, ease of manufacture, cost, and accessibility, seeking a balance between efficiency and economic
viability. Tests were also conducted to assess potential irritation or allergic reactions when in contact with the
patient's skin. Finally, the sustainability of the materials was assessed, taking into account their reusability and
environmental impact, allowing for the selection of more environmentally friendly options without compromising

system efficiency.

A) B) C) D) E) F)
>pPpe v o=

FIGURE 8. Assorted electrodes. A) Circular stainless-steel electrode (1 cm 2). B) Square stainless-steel electrode. C) Circular
electrode with a nickel alloy. D) Circular electrode (0.8 cm @) with a copper alloy. E) Circular electrode (1 cm 2) with a copper
alloy. F) Needle electrode.

Table 3 presents a comparative summary of the characteristics of the electrodes analyzed, detailing their manu-
facturing material, geometry, dimensions, reusability, and operating frequency range. This comparison is essential
to determine which type of electrode offers the best conditions for EMG and EIT signal acquisition, thus improving
the accuracy and reliability of measurements.

TABLE 3. Features and performance of EMG and EIT electrodes

. - Frequency Performancein | Performancein
Electrode Material Reusability Range (Hz) EMG EIT
Circular stainless-steel High 5.2500Hz Good Good
electrode (1 cm 2)
Square stainless-steel High 0.5-5000Hz Best Best
electrode
Clrcular_electrode witha Medium 10-1500Hz Moderate Moderate
nickel alloy
Circular electrode (0.8 cme) | 20-1200Hz Limited Limited
with a copper alloy
ClI‘Canl‘ electrode (Lcm o) Low 15-1500Hz Moderate Moderate
with a copper alloy
Needle electrode High 10-300Hz High NA

Data acquisition system
For data acquisition, a system developed independently for EMG (Figure 9) and EIT (Figure 10) was implemented.
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In each of these processes, various electrode materials were used to evaluate how their characteristics influenced
the quality of the data obtained, allowing for a detailed comparison between the results of each configuration.

For EMG signal acquisition, a system composed of several interconnected modules was used. The electrodes were
placed on the patient's biceps muscle, capturing the electrical activity generated by muscle contractions. To ensure
accurate and interference-free measurements, an INA128 instrumentation amplifier was used, widely used in bio-
medical applications due to its high accuracy and low noise level. This amplifier has adjustable gain, which in this
case was set to 11, allowing it to amplify the low-amplitude signals generated by muscle contractions without dis-
torting them. The INA128 was interconnected with the ISO122PGA amplifier, an isolation amplifier designed to
protect both the system and the patient from potential electric shocks, in addition to reducing noise caused by elec-
tromagnetic interference. To filter the EMG signals and eliminate noise outside the band of interest, a band-pass
filter was applied with a frequency range between 20 and 500 Hz, allowing the capture of high-frequency muscle
signals while eliminating unwanted components, such as low-frequency noise.

For the acquisition and processing of EIT data, proprietary software30145! was implemented, which employs an
optimized virtual approach to improve the quality of measurements and facilitate its integration with different
hardware platforms. The 104-sample reconstruction approach was designed to generate more detailed and high-
er-resolution images, improving diagnostic accuracy and real-time monitoring of rehabilitation processes.

Instrumentation - Y : : '—:‘\ : : % : —
e [ ) ) HighPassFilter | i Low Pass Filter | e Rectifier 1 ADC

v

FIGURE 9. Schematic diagram of the experimental setup for EMG.

For the acquisition of EIT data, a low-frequency alternating current, specifically 50 kHz, with a voltage of 1 mV was
applied through electrodes placed on the surface of the participant’s body. This current was introduced into the area
of interest in order to generate an electric field that would allow information to be obtained on the conductive prop-
erties of the tissue. The potential difference between the pairs of electrodes placed at specific points on the body
surface was then measured, providing data on the variations in electrical impedance as the current moved through
the tissues. These voltage values were then used as input to a back-projection-based image reconstruction algo-
rithm, which allowed detailed visual representations of the electrical impedance distribution in the analyzed region
to be generated, providing an accurate view of how conductivity is distributed in the surrounding muscles and tis-
sues.

Current Injection

v

FIGURE 10. Schematic diagram of the experimental setup for EIT.
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Data analysis
To evaluate electrode performance, several quantitative metrics were calculated, each of which provides relevant
information about the quality of the acquired signals and the effectiveness of the electrodes used in the study.

Principal Component Analysis (PCA)
It was used to reduce the dimensionality of EMG data and facilitate the identification of significant patterns in the
signal. PCA is especially useful when there are a large number of variables (e.g., in EMG data) and the main sources
of variation are to be identified.

PCA transforms the original data into a new coordinate system, where the first principal components explain most
of the data variance. Its formula is denoted by Equation (1).

Z=X W )

Where:

Z: Is the principal component matrix.

X: Is the centered data matrix (with zero mean).

W is the eigenvector matrix (principal components).

RESULTS AND DISCUSSION
In this section, we present and discuss the results obtained from the evaluation of different types, shapes, and
materials of EMG and EIT electrodes, taking into account various factors in order to optimize the signal-to-noise
ratio, durability, and long-term usability, which tends to impact the context of rehabilitation and sports medicine.

To begin validation testing, it was essential to implement the hardware designed and conditioned for both EMG
and EIT (Figure 11). This system consists of two main modules: Figure 11a, responsible for the acquisition and pro-
cessing of EMG signals, and Figure 11b, dedicated to EIT measurements.

The EMG module allows for accurate measurement of electrical activity in the biceps, effectively minimizing noise
and ensuring signal capture. This capability is essential for assessing muscle function during rehabilitation or clinical
evaluations. The EIT module incorporates a 1 mA controlled current injection system with a 16-electrode array,
allowing for the reconstruction of tissue impedance images using 104 measurements. This configuration facilitates
the analysis of structural and functional changes in tissue, providing valuable information on muscle tissue proper-
ties and the effectiveness of rehabilitation treatments.

Furthermore, the integration of both modules allows for a comprehensive assessment of muscle electrical activity
and impedance profiles, providing a more comprehensive view of muscle health and performance. However, it is
important to note that measurements are not consistent across individuals due to personal variations such as sex,
race, and other biological patterns, which constitutes one of the most significant challenges in processing the infor-
mation. Differences in each person's morphology and physiological characteristics can influence the accuracy of the
results, requiring specific adjustments and considerations when interpreting the data. The results of these tests will
be critical to validating the system's accuracy and reliability for future clinical and research applications.
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(b
FIGURE 11. Hardware. a) EMG. b) EIT.

To establish a point of comparison, EMG signals recorded with different electrode materials were analyzed and
compared with those acquired with Ag/AgCl electrodes, which are widely recognized as the gold standard in medical
applications. Figure 12 presents the morphology of the obtained signals, revealing subtle variations between elec-
trode types. Although these differences may seem minimal at first glance, they could introduce bias in subsequent
analyses, particularly when advanced signal processing techniques are applied. Therefore, assessing these discrep-
ancies is crucial for selecting electrodes that ensure accuracy and reliability in EMG studies.
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FIGURE 12. EMG signals obtained from the different materials implemented.

To assess the quality and effectiveness of the data obtained, two multivariate regression techniques were applied:
principal component regression (PCR) and partial least squares regression (PLSR). These methodologies allowed for
in-depth data analysis and the extraction of relevant patterns that facilitated comparisons between the different
types of electrodes used. The results obtained from these analyses provided crucial information on the factors
affecting the selection of electrodes made of various materials, including stainless steel, copper, nickel, and conven-
tional Ag/AgCl electrodes.

Principal component analysis (PCA) was implemented due to its ability to decompose complex signals into simpler
components. This technique allowed for the detailing of the spectral characteristics of the signals in specific time
windows, focusing on local maxima that indicate the dominant frequencies in each time segment. This approach is
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useful for understanding the dynamic properties of EMG signals, especially during their duration and under differ-
ent conditions of muscular exertion. The use of PCA facilitated the identification of frequency patterns that are
crucial for detecting muscle behavior before and after reaching muscle failure.

Figure 13 illustrates the principal component spectral analysis applied to the five volunteers, using the various
electrode materials. This analysis clearly shows the variations in the response of each electrode type as it approaches
muscle failure, a critical point for assessing electrode reliability under extreme conditions of use. In particular, the
round stainless-steel electrodes and the Ag/AgCl electrodes showed quite similar responses, suggesting that both
materials have comparable performance in terms of signal fidelity. However, the stainless-steel electrodes showed
greater resistance to noise and hysteresis, meaning they have greater stability in their measurements during the
analysis. Furthermore, these stainless-steel electrodes demonstrated a superior ability to tolerate the frequency
ranges required for EIT measurements, making them more suitable for such applications.

FIGURE 13. Results of Spectral Analysis of Principal Components (PCSA) for Various Electrodes Used in EMG Measurements.

Similarly, the results obtained using partial least squares regression (PLSR) closely matched those found through
PCR, as illustrated in Figure 14. This consistency between the two techniques reinforces the reliability of the results
and demonstrates the robustness of the methods applied, providing a solid basis for electrode selection and evalu-
ation in future clinical and research applications.

x —r— Dlawiess Sl Busre. —9— Neodd

FIGURE 14. Spectral Data Analysis of EMG Using Partial Least Squares Regression (PLSR).
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Once the stainless-steel circular electrodes were selected as the optimal option for EMG signal acquisition, mea-
surements were taken on the participants before and after muscle failure during isotonic and isometric contractions.
To assess the stability and variability of the recorded signals, statistical metrics such as the mean, standard devia-
tion, and median were analyzed. The mean provided a representative value of muscle activity at each stage of the
experiment, while the standard deviation helped quantify signal variability, providing information on the stability
of electrical activity over time. Furthermore, the median was used as a robust metric against potential outliers,
ensuring a more accurate assessment of the central tendency in the EMG data. These metrics were essential for
comparing the effects of muscle exertion on the signal and validating the effectiveness of the selected electrodes
under dynamic and static conditions (Figure 15).
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Continuing with the analysis of electrode materials, the results presented in Table 4 show that stainless steel
electrodes, both square and round, exhibit the lowest impedance values when placed over the biceps, with 322 Q
and 750 Q, respectively. These findings suggest that stainless steel electrodes provide more efficient signal acquisi-
tion by reducing resistance to current flow and minimizing signal loss. Low impedance is a crucial feature in electro-
physiology studies, since high impedance can generate signal distortion, loss of relevant information, and increased
electrical noise, which affects the quality of the analysis.

From a practical perspective, lower impedance allows for better transmission of electrical signals from the skin to
the acquisition system, favoring a higher signal-to-noise ratio. This is especially relevant in dynamic measurements,
where variations in electrode contact pressure can alter signal stability. In this regard, the square stainless-steel
electrode, with the lowest recorded impedance (322 Q), demonstrated superior performance, providing more stable
measurements and with less susceptibility to signal fluctuations, making it an ideal choice for EMG and EIT applica-
tions.

In contrast, copper and nickel alloy electrodes exhibited higher impedance values (greater than 1100 Q), indicating
greater electrical resistance at the electrode-skin interface. This behavior translates into lower signal transfer effi-
ciency, which can lead to amplitude attenuation and greater measurement distortion. In applications such as elec-
trical impedance tomography (EIT), where signal quality is critical for image reconstruction accuracy, an increase in
impedance can negatively affect spatial resolution and the detection of tissue impedance variations, compromising
the clinical interpretation of the results.

Another aspect to consider is the reusability and durability of the materials. Unlike Ag/AgCl electrodes, which,
while low impedance, are disposable and require a conductive gel to optimize their performance, stainless steel
electrodes offer a more sustainable and cost-effective long-term alternative. Their resistance to corrosion and deg-
radation allows for repeated use without compromising signal quality, making them ideal for long-term studies and
applications in research and rehabilitation.

TABLE 4.Impedances for each material

Type Electrode Impedance
Needle. 1104 Q
Square Stainless-steel. 3220
Circular Stainless-steel. 750 Q
Circular electrode (1 cm @) with a copper alloy. 1134 Q
Circular electrode (0.8 cm o) with a copper alloy. 1204 Q
Circular electrode with a nickel alloy. 1120 Q

Since the square stainless-steel electrodes presented lower impedance, high corrosion resistance, excellent elec-
trical conductivity, and reusability, ex vivo experiments were conducted using a controlled model designed to iden-
tify regions with fatty content. In the experiment, a fresh piece of meat containing adipose tissue was carefully
prepared to preserve its electrical and structural properties. The adipose tissue was strategically placed between
electrodes 1 and 2, as well as between electrodes 4 and 5, as shown in Figure 16. To simulate the dielectric properties
of biological tissues, an alternating current of 1 mA at 50 kHz was applied, ensuring conditions representative of
real-life clinical applications.
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This experimental setup allowed the electrodes to be evaluated for their ability to detect impedance variations
associated with fat distribution, providing crucial information on their sensitivity and performance in EIT appli-
cations. Furthermore, the study served to validate the durability and efficiency of the stainless-steel electrodes
under controlled laboratory conditions prior to their use in in vivo experiments with human subjects.
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FIGURE 16. Experimental tests with meat. a) Piece of meat. b) Image reconstruction.

Following ex vivo validation experiments, EIT measurements were performed in a group of volunteer subjects
to assess impedance variations associated with muscle contractions and fatigue. The objective of these tests was to
evaluate real-time changes in muscle conductivity before and after reaching muscle failure, which provided valu-
able information on physiological responses to exercise.

Each participant underwent a standardized exercise protocol, performing a series of controlled isotonic and iso-
metric contractions targeting the biceps brachii muscle. Isotonic exercises involved dynamic muscle contractions
using a dynamometer, while isometric contractions required muscle activation without joint movement, generating
varying levels of muscle stress. To ensure consistency, each subject repeated the exercises until reaching muscle
failure, defined as the point at which the muscle could no longer generate sufficient force to sustain the contraction.

During the protocol, EIT measurements were performed at predefined time intervals, capturing impedance
changes during the different phases of contraction and fatigue. This required applying a current of 1 mA at 50 kHz,
which allowed for greater sensitivity.

The results revealed progressive impedance variations correlated with muscular effort and fatigue. Figure 17
shows the reconstructions applied to a subject across the various sessions. Initially, impedance decreased during
muscle contractions due to increased intracellular ionic mobility and vascular perfusion, improving tissue conduc-
tivity. However, as fatigue set in, the trend reversed, and impedance gradually increased. This change was
attributed to localized metabolic accumulation, such as lactic acid buildup and tissue oxygen depletion, which led
to alterations in cell membrane properties and a reduction in ionic flux. Furthermore, vasodilation and increased
blood accumulation in fatigued muscle contributed to the signal variations, confirming the potential of EIT to
detect fatigue-induced physiological changes.
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These findings demonstrate the suitability of EIT for real-time muscle assessment, offering a noninvasive and
dynamic alternative for monitoring muscle function, endurance, and fatigue progression. This technique holds
promise for rehabilitation protocols, allowing clinicians to monitor muscle recovery and optimize treatment strate-
gies for patients undergoing physical therapy or athletic training. Furthermore, the ability to detect subtle changes

in conductivity associated with muscle fatigue could pave the way for new applications in sports science, occupa-
tional health, and biomedical research.
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FIGURE 17. Subject 1 EIT reconstructions using Isometric Contraction to Failure, Isotonic Contraction to Failure, Isometric
Contraction to Failure, and Isotonic Contraction to Failure. a) Session 1. b) Session 2. c) Session 12. d) Session 13

Figl

CONCLUSIONS

The integration of EMG and EIT has proven to be an effective and complementary strategy for obtaining detailed
information on muscle activity, tissue composition, and physiological responses to exercise. This study demon-
strates that combining these techniques allows for a more comprehensive assessment of muscle function, capturing

both electrical activity and impedance variations, crucial for understanding muscle contraction dynamics, the
onset of fatigue, and vascular adaptations.



18 Iran Arane Melchor Uceda et al. Optimizing Electrode Performance in EMG and EIT for Superior Muscle Data Acquisition

A key finding of this study is the superior performance of square stainless-steel electrodes, which exhibited the
lowest contact impedance (322 Q) among the materials tested. Their high conductivity, stability, and reusability
make them the optimal choice for EMG-EIT systems, particularly in rehabilitation settings where accurate and reli-
able data collection is essential. Compared with alternative materials, these electrodes not only improve signal
quality and image reconstruction accuracy but also offer a cost-effective and sustainable alternative to conventional
Ag/AgCl electrodes.

Ex vivo and in vivo experiments further validate the practical applicability of this approach, as the results show that
EIT can effectively capture muscle impedance variations before and after muscle failure, revealing information
about changes in vascularization, metabolic accumulation, and fatigue-induced conductivity changes. This high-
lights the potential of EIT as a noninvasive tool for assessing muscle function, offering real-time monitoring capa-
bilities that could revolutionize fields such as rehabilitation, sports science, and neuromuscular diagnostics.

Limitations

While this study provides valuable information on electrode optimization for EMG and EIT signal acquisition, it has
some limitations. First, the study sample was limited to five male participants, which could affect the generalizabil-
ity of the results to more diverse populations in terms of gender, age, and physiological conditions. Furthermore,
although different types of electrodes are compared in terms of efficiency and signal quality, factors such as vari-
ability in electrode placement and skin conditions could influence the results. Furthermore, the study focused on
signal acquisition under controlled laboratory conditions, which could differ from performance in clinical settings
or real-world applications.

Future work

Future research will focus on improving signal processing techniques, optimizing electrode placement strategies,
and refining impedance imaging algorithms to further enhance the resolution and diagnostic capabilities of EMG-
EIT systems. Furthermore, expanding studies to include patients with neuromuscular disorders, high-performance
athletes, and/or older adults to tailor their use to different clinical needs could lead to personalized rehabilitation
protocols and more effective therapeutic interventions. Furthermore, exploring their efficacy under long-term
monitoring and dynamic conditions could provide key insights for their application in portable and wearable
devices.
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