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Design of dry electrodes and
impedance variations across
different electrostimulation
modalities
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Vladan Koncar1, Eman Kashita2 and Mahvish Fatima2

Abstract
In electrostimulation applications, the role of dry-textile electrode is significant as
compared to customary electrodes. It has vast demand due to their flexibility, breath-
ability and its coherent integration to wearable medical devices. The use of electro-
stimulation to enhance the muscular structure and function is not a new idea; however,
the introduction of dry textile electrodes can enhance the efficiency of the process. The
review explores the different types of electrodes, mainly dry textile electrodes, its
fabrication and performance across different modalities. The main focus includes the role
of impedance across different electrode characterization, parameters of skin-electrodes
contact point impedance and the operating devices with their operating system. A
comprehensive review has been compiled to analyze various types of textile electrodes to
determine their efficacy in different therapeutic modalities. The results suggest that
different types of electrodes work different in various kind of modalities. It also concludes
that sustainable conductive textile electrodes are considered a novel approach that can
replace traditional metal or graphite electrodes. Moreover, it also suggests that the three-
lead method provide the best way to evaluate the impedance across the electrode,
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excluding all remaining symmetric impedance of body. This review also highlights the
sustainability and biocompatibility of dry textile electrodes and their potential to improve
the patient’s comfort in electrostimulation therapies.

Keywords
Rehabilitation, electrical stimulation, textile electrodes, bioelectrical signals, skin-to-
electrode impedance, dry textile electrodes, electrostimulation therapy,
biocompatible, central nervous system, Functional Electrical Stimulation (FES)

Introduction

Any kind of brain contusion, trauma, disease and health disorder can lead to the dys-
functionality of sensory-motor neurons. The intensity and range of wound always in-
fluence the area which would be affected such as tetraplegia would be the outcome of
cervical injury, paraplegia could be the result of thoracic trauma and cerebral palsy could
be the reason of brain contusion. These disabilities directly impact daily life activities of
the affected person and may lead to mental trauma as well.1 Many electrostimulation
modalities help to rehabilitate the neuromuscular disorders such as Functional Electrical
Stimulation (FES), Transcutaneous Electrical Nerve Stimulation (TENS), and Neuro-
muscular Electrical Stimulation (NMES) or electrical muscle stimulation (EMS). TENS
and EMS practice are widely used to restore the motor functions with the help of physical
therapy and to overcome the resulting disability.2 Electrical stimulation can induce muscle
contraction, hence used for neurorehabilitation, aiding in the treatment of voluntary motor
neurons.3 Different types of electrodes promote the efficiency of electrical stimulation.
Juxtaposed to customary devices, usually composed of hard substances, sensors which are
made of soft material and of hydrogel nature can give off high-grade performance in a long
run. They can also be used in the monitoring of biological signals with the lowest contact
with skin, having less impedance and an interface which has a moisture content in it.
However, these electrodes present limitations, such as short lifespan, risk of skin irritation,
and dependency on external gels or adhesives.4 Moreover, metal electrodes (dry elec-
trodes) are usually costly, rigid, less efficient and susceptible to the products of toxic
metals, resulting from stimulation.5 The effectiveness and solace of neuromuscular
electrical stimulation (NMES) are heavily influenced by the type of electrodes used. As
customary hydrogel electrodes which are self-adhesive are effective, they also have
drawbacks related to wearability, compatibility with skin, and its reuse capability. This
observation of textile electrode which were integrated with garments for electro-
stimulation explains its potential for rehabilitative applications in patients having neu-
rological conditions like stroke, multiple sclerosis (MS), and spinal cord injury (SCI).
Furthermore, dry textile electrodes have emerged as an innovative alternative, offering
advantages like reusability, biocompatibility, flexibility, and enhanced comfort for long-
term applications.6 Dry textile electrodes are generally composed of conductive fibers or
coatings7 incorporating conductive polymers and materials into the structure of textile
during different types of stages, such as during the manufacturing of fiber, spinning of
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yarn, or at the stage of fabric creation.8 The usability of electrodes of dry textile subjected
to their performance in allowing current to interact with the interface of skin of human.
Various factors, including sheet resistance, electrode resistance, fabric resistance, and skin
to electrode impedance, affect the electrostimulation process.9 The currents flowing in the
fabric are electrons, whereas ions movements make the currents for human body. The
impedance between human body and fabric’s out of plane direction is influenced by many
factors and it is beyond the resistance of material of electrode.10 Key considerations
include the fibre used in the fabric (internal inherent impedance of the fibre), conductive
material used as coating over the fabric (silver, copper, or carbon-based, etc.), method of
coating (dip coating, spray coating, or paste, etc.), and environmental factors (moisture,
temperature, and pressure, etc.).11 Textile electrodes encounter severe challenges in taking
biomedical signals, as well as concerns like maintaining balance linking human wearer
comfort, noise interference, pressure on skin contact point, and making sure precise
measurement of electrochemical characteristics like alternating current impedance (ACI),
static impedance (SI) and polarization voltage (PV).12 Moreover, during the electro-
stimulation process with dry textile electrodes; impedance may vary in different types of
electrostimulation modalities. These modalities enlist neuromuscular electrical stimula-
tion (NMES), electrical muscle stimulation (EMS) and functional electrical stimulation
(FES). Various types of ES give off a large range of diversified electrical pulses and current
to the skin and to underlying skin tissues at a painful anatomical target, to relieve pain and
enhance function in a way that is safer and better compatible with drugs.13

Secondly, there is lack of knowledge for the selection of suitable method or model to
analyse the impedance of skin electrode with dry textile electrode in conformance to the
electrostimulation modalities. Usually through two electrochemical valuation approaches:
the first is direct detection and the second one is the method of reference detection.14

The former direct method, refers to measuring biophysical response responses (such as
impedance, voltage, or current) accepts that skin tissue impedance is comparatively low,
about 150 V. This method includes employing two electrodes directly on the skin’s
surface.12 Moreover, there is another reference detection method which use two reference
electrodes to compare signal changes at the stimulation site. However, Vojkan Mihjlovic
used direct method to investigate the impedance between skin-electrode contact and dry
electrode and also the skin behind the ear and observed that the pressure at contact point
significantly influenced the skin-electrode contact impedance.15Antonio Lanata used the
same strategy to detect the efficiency of textile electrodes at the digit end16 and Dilpreet
Buxi also used this method to analyse skin-electrode impedance.17 Dry textile electrodes
offer significant applicability for enhancing flexibility, comfort, biocompatibility and
reusability in electrotherapy devices; however, the challenges persist in optimizing their
impedance efficiencies for various electrostimulation therapies. Different types of textile
electrodes behave differently in different types of electrostimulation modalities. The
variability in electrode performance due to manufacturing material, design and fabrication
method highlights the absence of standardized manufacturing process. The lack of
knowledge about the standardized design, leads to unpredictability in the performance of
electrode and incompatibility with previous electrostimulation modalities.18

In present review at first a detailed discussion provided on dry textile electrode
structures and their impact on impedance characteristics. Types of dry textile electrodes,
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their fabrication method, their impedance with different modalities for electrical stim-
ulation will also be discussed. The review also covers the aspect of designing dry textile
electrodes for different modalities with optimized impedance properties. It also emphasis
on the pattern of standardized protocol and design for the electrodes of dry textile, causing
variety in the efficiency of electrode performance and its compatibility and with previous
existing modalities for electrostimulation.19 Additionally, several factors are present
which compel to create the skin contact impedance, during electrostimulation such as
types of devices, environmental factors (moisture, sweat, temperature, noise), skin to
electrode interface, skin and inside the body muscles, impedance involve due to textile
electrode specification and also due to the wear and tear of electrodes during service will
also be monitored. Another important research gap will be highlighted to understand how
different dry textile electrode impact impedance in various modalities such as in NMES,
FES, and EMS applications. In addition, the role of various impedance models such as one
time constant, two time constant, Cole Cole method, two, three and four-lead will also be
studied. The role of impedance model structure will help to understand the skin-electrode
contact impedance more efficiently. By addressing these gaps through a systematic way
with standardized protocols will highlights the need for advanced practical application of
dry textile electrode in electrostimulation therapies.

Physiological systems and use of electrostimulation

The nervous system controls the muscular contraction, which drive all body movements in
a body. Electrophysiology, a subfield of physiology, deals with channeling the single ion
proteins at different frequencies to an entire organ for evaluating the changes in voltage
and the produced electric current. The electrochemical activity of excitable cells generates
bio-potential signals in various parts of body and can be measured. For instance, elec-
trocardiograms (ECGs) measure the electrical activity of heart cells, electromyograms
(EMG) measure muscle cell activity, and electroencephalograms (EEG) record brain
activity. These signals provide valuable information for diagnosing, monitoring, and
treating mild and serious health conditions.20 It also has significance due to its usage in
many therapies for muscle and nerves. This includes the transfer of electrical pulse to
muscle or nerve for the purpose of activating excitable tissue with the help of electrodes.21

Neuromuscular electrical stimulation (NMES) and electrical stimulation (ES) are ther-
apies which use electrical impulses to excite the nerves, muscles and tissues in the body.

This technology has diverse medical and in therapeutic fields, ranging from managing
the pain from any injury to the rehabilitation of the muscle of any organ.22Controlled
electrical currents are delivered to specific areas of the body to elicit desired physiological
responses. The term Functional Electrical Stimulation (FES) was first coined to develop a
systematic procedure to excite the sensory-motor system artificially to deal with any injury
related to brain and spinal cord which could lead to any potential disability. This method
was also monopolized in the neural prostheses, and have practical application in the design
of wearer medical stimulation systems to control the functioning of hand, arms and legs.23

The devices using FES can directly support to perform impaired functions in individuals
having CNS contusions. It can also promote the stimulation and reorganization of cortical
excitability. Apart from this modality, ES is also used to act in CNS and on peripheral
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nervous system. Electrical stimulation can act directly on the central nervous system or be
applied to the peripheral nervous system. All these modalities are used to restore the
functioning of sensory and motor nerves but the tested systems in patients are relatively
simple.24

Types of electrodes used for electrostimulation

Wet electrode

Presence of gel layer in wet electrode making them suitable for the reduction of impedance
between skin and electrode. Incorporation of gel in wet electrode, improves adhesion to
the skin. To fill the gap between the scalp, conductive gel and saline solution is added. As,
Ag/AgCl is present in wet electrode for better fitting with skin, they are preferred to be
used electrophysiological activities. Wet electrode are also called Ag/AgCl wet electrodes.
These wet electrodes are cheap and show enhanced electrical conductivity. Electrolyte gel
applied to the skin to adhere electrode with skin is harmful but it makes hair and scalp
dirty.25 Degradation of wet electrodes occur when gel started drying up which makes
signal transmission difficult. There are few limitations of using wet electrodes including
skin preparation before adhesion and causing of skin irritation or allergy due to the
application of gel. Mechanical peeling of the Wet electrodes might cause discomfort at the
time of wearing and removing the electrode.26 However, dead skin cells and oils (released
from skin) build-up on the electrode lowering its quality in electrical conductivity and
adhesion to the skin. To minimize these drawbacks, “dry-electrodes” could serve as a good
candidate in clinical application to monitor health system because they are gel-free and
long lasting.27

Semi dry

Advancement in the technology give innovation and semi-dry electrodes are developed.
These electrodes require a very little amount of electrolyte gel for conduction. Semi-dry
electrodes highlight the advantages of wet and dry electrodes. As compared to the wet
electrodes, transmission of bio-signals reliably better in semi-dry electrodes. Semi-dry
electrodes are related to dry electrodes as their setup is fast and easy. Hence, improving
quality of these semi-dry-electrode are using in EEG acquirement.28

Dry electrodes

Dry electrodes facilitate bio-potential transmission, as application of dry electrode does
not require any electrolyte gel for adhesion. Dry electrodes are advanced technology
which provide high impedance value and skin preparation is not essential.29 Dry electrode
models have benign metallic tips, comb-like electrically conductive rubbers and con-
ductive ink-coated elastic spikes transmitt the bio-electrical signals between electrode and
scalp by uninterrupted resistive connector without any additional electrolytes. Certainly,
due to easy to use, high comfort level, zero skin prep and cleaning of skin make dry
electrodes much better option for practical application. One of the drawbacks to use dry
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electrode is that they show slightly higher impedance value as compared to wet electrode.
Furthermore, due to absence of electrolyte, they do not adhere to skin properly and
produce noise in EEG signals.25 Dry electrodes, usually produced from inflexible ma-
terials, present encounters in achieving operational adhesion to the skin surface. A visual
form of wet, semidry and dry electrode is shown in Figure 1.

Reproduced from Liangtao Yang et al. (2022) [Insight into the Contact Impedance
between the Electrode and the Skin Surface for Electrophysical Recordings] ACS omega,
under the terms of the Creative Commons CC BY NC ND 4.0 license.30

Dry textile electrodes

Dry electrode performs as a polarizable electrode which is for its greater interaction
capacitance. Normally, these electrodes connect to skin directly without the presence
of any electrolyte gel and such electrodes are made up of metals.25 Inflexible material
making these electrodes inappropriate for adhesion to the skin and air trapped between
electrode and skin which create dielectric layer that increase resistance. Flexible
textile dry electrodes target to alter biopotential monitoring to a non-interfering
procedure attained with the security of the everyday garments that we are now
consuming.31 Metals are used as a conductive material in fabrication of ECG elec-
trodes,32 fundamentally conductive polymers (ICPs),33 and carbon-based materials34

These conductive materials and yarns through knitting, waeving and embroidery can
be incoperated into fabrics through technical industrialization.35 These wearable
conductive textile electrodes deliver substitute, skin well-being and high resistance for
consumers.36 In Another study, dry textile electrodes and gel-based electrodes are
tested on the basis of electrical signals. The skin–electrode connection contains di-
verse coatings of the skin and electrode that can be electrically demonstrated as
corresponding circuits shown in Figure 2 for dry and gel electrodes. Dry electrodes
have marginally altered skin-impedance prototypes than gel electrodes initiated by
accumulative air gaps and hairs consequential in both capacitive and resistive pairing
with skin.25

Figure 1. A visual form of wet electrode, semidry electrode, dry electrode.
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Fabrication techniques for dry textile electrode

Textile electrodes are included in “smart textile”, or electronic textile (e- textile) which is
an emerging scaffold within the growing field of wearable electronics.37 They can be
produced by different techniques as listed below.

Metal deposition method to fabricate dry textile electrode

Electrodes production of dry textile aimed for electrostimulation through metal deposition
has been a focal point of recent research, aiming to develop flexible, durable, and efficient
alternatives to traditional gel-based electrodes.38 Metal deposition onto textile substrates is
a key method for creating conductive pathways essential for electrostimulation. The metal
deposition may be carried out by some physical methods or wet chemical processes.
Common techniques include: 1) spraying In-situ metallic particles deposition over fabric
structure,39 2) dip coating in solution 3) electroless,40 4) electroplating.41

In fact, metallization on textiles with conductive paints, conductive inks and laminating
technique have some setbacks such as rigidity of material and weak air breathability. In
some cases, thin metal wires are spun with yarn and then integrated with textiles. The
material produced from this method is quite tough and challenging to carry hard metals
against human body.42,43 Hence, the metal nanoparticles deposition with solution
techniques such as In-Situ deposition and electroless plating is good to maintain the
electrical conductivity with flexibility. Azam et al., developed the electrically conductive
cotton fabric-based electrodes of copper particles with the technique of In-Situ deposition.
The preparation of samples was done by simple dipping in salt solution and then re-
duction. The trend depicts the immense deposition of copper particles by IN-Situ method
by increasing dipping cycles. Second most common and suitable technique for making the

Figure 2. Equivalent circuit of skin–electrode interface for (a) traditional wet electrodes and (b)
textile electrodes.145 L.Beckmann Adapted from Beckmann et al. (2010) [Characterization of
textile electrodes and conductors using standardized measurement setups], Physiological
Measurement. Reproduced with permission from Copyright Clearance Center (license no.
1620533-1).30
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electrically conductive textile- based electrode is based on electroless plating. Electroless
copper plating, a type of non-electrolytic method, is the deposition on fabric from solution
and recommended by many researchers.44,45 But an important step during this process is
to opt the potential reducing agent. As, in previous method of electroless plating re-
searchers have been applied for sputtering and vacuum deposition for the surface’s
sensitization, followed by silver plating on conductive substrate.46 This method is quite
effective to attain surface conductivity, however, achieving the volume conductivity
through this substance is very challenging. Within existing techniques, electroless plating
on solution sensitized fabrics is still far better option as it provides better volume con-
ductivity, coherent property on metal deposition, durability, and applicability to the
materials of complex shapes.47 A study reported the electroless deposition of copper by
catalytic redox reaction of metal ions and reduction agent (formaldehyde), which is
dissolved in alkaline media at elevated temperature. However, this method possesses
safety issues as the production of toxic gases during the process of electroplating, and
proves to be ineffective at large scale industrial application. To solve this issue, researchers
are trying to find the optimum way to exchange formaldehyde with other agents (re-
ducing), which could combine with oxidation accelerators like nickel sulphate and sodium
hypophosphite. Moreover, a few studies explain the traditional method in which palla-
dium metal was used as an activator to start the process of electroless plating.48 Currently,
the rising cost of palladium makes it quite expensive for the plating process. Hence, there
is always a need to find alternative ways which are more economical and quite dependent
for activation process. Moreover, researcher used two -way process for copper plating,
sensitization followed by activation prior to the plating stage. Hence, more research is
required to establish more safer protocol to fabricate the copper in textiles.49 To overcome
this problem, Azam et al., introduces an innovative approach to fabricate the long lasting,
fabric based, electrically conductive electrodes. He combined the In-Situ deposition and
electroless plating step to gain synergic effect to depict the electrically conductive be-
havior as illustrated in Figure 3(a).50 In their method, they forced out the step of sen-
sitization and directly imparted copper and silver particles onto the fabric substrate. This
deposition prepared the fabric for electro less plating. This approach highlights cost
effective51 and sustainable way of copper plating on the fabric of cotton. The procedure for
metal electroless plating over the In-Situ deposited textile electrodes is showing in
Figure 3(b).

Fabrication of dry textile electrode during weaving and knitting with
conductive yarns

Conductive tracks can also be produced by interlacement of electrically conductive
yarns and threads to make weaved or knitted fabric structure; leads for wearable
electrode systems. Woven fabrics are created by interlacing two yarns set which are
arranged perpendicularly.52 Conversely, knitting involves the use of needle to inter-
connect loops of yarn with each other. Owing to its traditional way, the whole garment
can now be knitted on single machine. It also supports a major variety of filaments and
different kinds of natural yarns, making it the most desired approach for the
manufacturing of Meanwhile, knitting enables the processing of a wide variety of
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natural yarns and filaments. For this reason, it has been considered the most suitable
method for preparing discreet and skin-friendly garment.53 Even with various benefits,
knitted fabric tend to have various intermittent contacts points in the yarns, which may
result in the inconsistency of electrical resistivity particularly under dynamic con-
ditions. Even though the fluctuation in biopotential signals is not favorable as it can
produce signal artifacts, yet these are recommended in the sensor devices.54

Most of the time conductive yarns in embroidery lie on the surface of the fabric, this
technique is believed to enhance the contact between the electrode and skin. Hence,
embroidery is considered an ideal type for prototyping textile electrode in garments. On

Figure 3. (a) Deposition of copper particles by In-Situ process50 (b) Electroless copper
plating to make the electrically conductive fabric-based electrodes (a) Reproduced from
Azam Ali et al. (2017), [Copper coated multifunctional cotton fabrics]; published by [Journal
of Industrial Textiles], Reproduced with permission from Copyright Clearance Center
(license no.6050270772648),50 (b) Reproduced from Azam Ali et al. (2020), [Copper
electroless plating of cotton fabrics after surface activation with deposition of silver and
copper nanoparticles]; published by [Journal of Physics and Chemistry of Solids], Reproduced
with permission from Copyright Clearance Center (license no.6050270362617).51
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the other hand, knitting and weaving has a potential in large scale production of potentially
preferred smart garment.55 The fabrication of dry textile electrode during Weaving and
knitting with conductive yarns is illustrated in Figure 4(a)–(c).

Fabrication of dry textile electrode with embroidery technique

Embroidery is used to develop conductive patterns on fabrics which is a unique method in
textile production and embellishment. Conductive fibers are used to create these patterns
on fabric surfaces. Stitches are usually used to make these patterns on fabric surface to
increase decoration. Knitted textiles offer skin well-being, low weight, and high elasticity
for consumers.56

Fabrication of dry textile electrode by coating of conductive polymers

Conduction depends on three thing including conductive material, insulators and semi-
conductors and these factors are not defined correctly. Conduction lies in mid of semi-
conductor’s conductivity.57 Blending of insulating matrix, thermoplastic with conductive
fillers produce extrinsically conductive polymers (ECPs), or conductive polymer com-
posites (CPCs). Most common conductive fillers are three including carbon (carbon black
(CB) and carbon nanotubes (CNTs)), metal powders and their compounds (indium tin

Figure 4. (a) The fabric design showing the interlacement of conductive yarn pattern in textile
fabric, Fabric design showing the interlacement of conductive yarn in textile fabric (b)during
knitting, (c) during weaving. (a) Reproduced from Yuanfang Zhao et al. (2022), [Development of
customizable conductive thermal woven textile for ready-to-wear functional collections] published
by [Textile Research Journal], Reproduced with permission from Copyright Clearance Center
(license no.6050280192481),146 (b) (c) Reproduced from Ana M Grancarić et al. (2017),
[Conductive polymers for smart textile applications] published by [Journal of Industrial Textiles],
Reproduced with permission from Copyright Clearance Center (license no.6050280478376).55
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oxide (ITO) and aluminum zinc oxide (AZO)), and ICPs (PPV, PANI) to increase
conduction of the material. ECPs have distinctive properties such as better electrical and
thermal conductivity, corrosion resistance and good mechanical possessions. They are
used as conductive and semi-conductive polymer fibers, corrosion resistant coverings,
ESD materials, electronics, and solar accumulators. Their electrical conduction values are
much lower than the conduction value of ICPs, ranging between 10�5 and 103 Scm�1

subject to their presentations.58–61 However, it is not essential to first generate electrically
conductive Nano-fibers and then yield a non-woven textile to take benefit from the
enormous surface capacity. It is easy and more effective to first produce non-woven textile
with electrospinning and then add conductive filler on to it for conduction. This method
would facilitate researcher to examine textile electrodes in bio-potential signals against
Ag/AgCl electrodes.62

Fabrication of dry textile electrode with printing technique

Awidely use technique to create conductive prints on fabrics is ink-jet and screen printing.
This technique prints various images on fabrics for conduction.63 Few benefits of printing
procedures comprise: (a) site-specific, restricted, and direct installation of conductive
materials on complete roll-to-roll (R2R) manufactured textiles; (b) reduction in usage of
toxic chemicals and printing inks; (c) capability for variation to both desktop scale R&D
and profitable developed surroundings with the potential to be joint with or allow ad-
ditional reduction of e-textile production expenses.64 Screen printing on textile fabrics
provide can provide greater quantities of ink associated to ink-jet printing. Consequently,
screen printing necessitates less printing sequences to attain a constant conductive
decoration on textile exteriors.65 Another matter to be addressed in using screen printing is
associated with contact and non-contact nature of the printings. Pressure application in
screen printing on textile fabrics stimulates bond, diffusion of the ink to the substrate, and
enables the development of connected designs. Similarly, non-contact ink-jet printing
depend on the extent of the ink to accomplish the assimilation of consecutive ink pre-
cipitations and produce electrically-connected arrangements, which needs careful
manufacturing of the ink dispersal and printing development, exclusively on irregular
textiles where yarn-to-yarn spaces may be on the direction of tens of microns.66 However,
use of different electrode solution used on conductive materials can help in overcoming
this issue. Many of them use silver ink to create the electrode, because of good electrical
conductivity and ease of printing.67 Metallic inks and conductive pastes can be created by
consuming metallic nanoparticles, metallo-organic complexes, or metallic salts as pre-
cursors.68 There are silver based metallic inks to be used on textile substrates but they are
expensive and their curing temperature is high which should be lowered down to produce
valuable results. This metallic ink can produce health risks when come in contact with
skin.69 Inkjet printing shows flexibility in design formation and existing materials marks
its versatility for e-textile investigation. While screen printing due to the use larger amount
of ink and less cycles ink printing, making it more reliable and cheaper source to be used in
commercial industries.70 To achieve conductive designs viscosity and curing temperature
of ink to be used in printing is necessary along with surface properties as well including
roughness of fabric and surface energy.71 The surface texture, density, porosity, and
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thickness of nonwoven fabrics can be measured during manufacturing to attain expected
outcomes which depend on diameter and inter-yarn distance. They are also inexpensive
and quicker to construct, which makes them enhanced substrates on which to print.72

Woven textiles are recognized as more flexible and breathable than nonwoven textiles
making them easier to wear. Furthermore, it was recommended that the formation of a high
surface energy boundary coatings on surface of the material can offer an anticipated
substrate on which to print, while preserving the easy wear of the woven fabrics. The
additional boundary layer is not projected to affect relief since it can also be reproduced on
only the preferred areas, such as electrodes and their inter-connections.73 For this purpose,
poly (3,4-ethylenedioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS)-based reso-
lutions are observed as the most encouraging material to come into the marketplace, due to
their elastic handling and long-lasting electrical conductivity.74 Scatterings of graphene or
CNTs can also be used in laser printing to generate conductive designs. The consequence
of pre-treating the fabric to upsurge its printability was also revealed with ink-jet printing a
hydrophobic film prior to application of GO solution. This helped to expand the steadiness
of the conductive layer by three commands of magnitude associated with untreated
coverings.75 Various kind of printing techniques are illustrated in Figure 5.

Role of controlled impedance against
effective electrostimulation

During electrostimulation with dry textile electrode several types of impedances may
involve. These impedances not only involved due to electrode alone but also due to other
different reasons. Hence, to perform the effective electrostimulation process it is necessary
to consider and study all possible impedances involved; which are directly or indirectly
associated with dry textile electrode.76 Impedances during effective electrostimulation
relies on several factors which may be categorized into three main groups. 1). Impedance
involves due to characteristics of dry textile electrode. (2) Impedance due to involve

Figure 5. Different kind of printing techniques used for printing the dry textile electrodes
Reproduced from Quanling Li et al. (2019), [Review of printed electrodes for flexible devices];
published by [Frontiers in materials] under the terms of the Creative Commons CC BY 4.0
license.147
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parameters/factors between skin and electrode. (3) Impedance involved due to the
electrostimulation devices, and operating parameters.

Impedances involved due to dry textile characteristics

Different types of dry textile parameters, such as shape, size, thickness, physical state of
textile electrode (wet, gel mixed, or complete dry), nature of conductive material
(metallization, conductive polymers, metal wires or carbonized filler), physical shape or
weave pattern may affect and play a certain role in skin electrode impedance during
electrostimulation process.77 In case of recommended electrodes (dry textile-based
electrodes), resistance is usually due to the presence of sheet resistance within fabric.
To assess a potential electrode, the characterization should be done on their functional
performance. The most common characteristic either for the electrode structure or
conducting material is the sheet resistance. Moreover, both sheet resistance and resistance
are important consideration while engineering the conductive leads that combine various
types of textile-electronics measurement devices.78

Effect of condition of electrode (wet textile or dry textile) on impedance. The textile-based
electrodes exhibit distinct impedance characteristics in different state (wet textile or dry
textile). Such as, in a recent study, three different compositions of electrodes (a) wet fabric
electrodes (b) fabric electrodes covered with hydrogel and (c) dry fabric electrodes. The
results showed that the wet electrodes showed least impedance than dry and gel electrodes.
But there are number of disadvantages associated with wet electrodes such as maceration
effect on skin, irritation and short life etc. As expected, dry fabric electrodes show high
noise levels. Moreover, wet fabric electrodes demonstrate significantly lower noise levels,
as compared to fabric-based electrodes with hydrogel coating. The comparative analysis
depicts the impedance of skin electrode contact of wet, dry and gel electrodes described
Table 1. In fact, Skin naturally responds to any substance that comes into contact with it,
such as the materials appear over the skin due to increased blood circulation over the skin’s
surface or changes occur due to perspiration. All these salts and contaminates eventually
affect the skin-electrode impedance.79

One more study was conducted to investigate the effect and condition of textile-based
electrode (wet or dry state) over the impedance. It was concluded that textile electrode
exhibited higher impedance rather than hydrogel electrode. However, it was also observed
that once fully saturated, the wet-textile based electrode showed decreased impedance
across the entire frequency interval. The dry textile-based electrodes showed the reduction
in impedance, 1 kHz, the average impedance decreased from 4.72 kV in the dry state to
0.95 kV in the wet state, showing the 40% lower impedance than that of hydrogel
electrode which have the impedance of (1.57 kV).80 The impedance of different type of
electrode are illustrated in Figure 6.

Effect of shape and size of electrode (wet textile or dry textile) on impedance. Different shapes
and sizes of dry textile electrodes also effect on final measurements of skin electrode
impedance. In current time, researchers are working on the effect of different size of
electrodes (developed with same conductive material) was checked for electrotherapy.
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Table 1. The impedance of Skin-electrode with various types and sizes of dry textile-based
electrodes.

Electrolyte
type

Sizes
diameter
(mm) Impedance Respective graphical representation

Dry
Textile

30 mm >100kV
20 mm >100kV
15 mm >100kV
10 mm >100kV
7 mm >100kV

Wet
Textile

30 mm ∼25kV
20 mm ∼50kV
15 mm ∼50kV
10 mm ∼70kV
7 mm ∼40kV

Gel
Textile

30 mm ∼35kV
20 mm ∼80kV
15 mm >100kV
10 mm >100kV
7 mm >100kV
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The research was done for different range of sizes for electrostimulation and the results
were obtained against the noise and for the impedance of skin-electrode contact. The
primary results show that as the size of electrode decreases, the noise level was in-
creasing.81 Similarly, another case study described the involved impedances due to
various shapes of dry textile-based electrodes. The knitted dry textile electrodes composed
of polyamide yarns and silver at operating conditions of (voltages 10 mV and frequency
39 Hz) with sizes and shapes showed significant variation in impedances. However, when
shapes were analyzed for electrodes within a single study, solely the electrodes which are
‘best are square shapes and operating at higher frequency’ (have low impedance) and
‘worst’ in circular shape (have high impedance). The impedance variation across different
sizes of electrodes is explained in Table 2.

Effect of conductive material of electrode on impedance. The conductive material of the
electrode highly determines the rate of impedance foe any kind and type of electrode. At
present, researchers have been investigating the rate of impedance for different types of

Table 2. Overview of impedance against dry textile-based electrodes with sizes and shapes
showed significant variation.

Measurement specification Electrode shapes Impedance Ref

2W-Z, 50 μA, 85 Hz; on head Square, 16 cm2 5.3 (3.1) kV 150

2W-Z, 10 mV, 1000 Hz; on
lower leg

Rectangular, 24 cm2 1.57 (0.08) kV 13

3W-Z, 10 mV, 39 Hz; on forearm Uneven or circular surface, 20.9 cm2 14.0 MV 19

Figure 6. (a) The Impedance of different types (hydrogel, textile, and wet textile) electrode,
studied on TA muscle of human80 (a) Reproduced from Hui Zhou (2015), [Stimulating the
Comfort of Textile Electrodes in Wearable Neuromuscular Electrical Stimulation], published by
[Sensors] under the terms of the Creative Commons CC BY 4.0 license. (b) Impedance variation
according to temperature. Reproduced from Hyung Wook Noh (2019), [Ratiometric Impedance
Sensing of Fingers for Robust Identity Authentication]; published by [Scientific Reports] under the
terms of the Creative Commons CC BY 4.0 license.148

Hassan et al. 15



conductive materials on dry textile-based electrodes. Among them, flat textile electrodes
composed of silver coating exhibited lower impedance as compared to carbon and
PEDOT: PSS-contained coating, displaying a trend observed in earlier studies.9,82

Additionally, more parameters of conductive materials such as coating of material and
evenness of material also influence the rate of impedance. Dry textile-based electrodes
containing carbon coatings displayed greater change in impedance than with the coating
of PEDOT: PSS. Moreover, it was also concluded that the CNT coating or ionic liquid
can also decrease the impedance of dry textile-based electrodes. CNT coatings were
observed to enhance the electrical conductivity by creating the nanotubes bridges
between isolated conductive domains, thereby improving electrical conductivity.50,83

Dry textile-based electrodes with coting of carbon-contained displayed great impedance
change as compared to PEDOT-PSS contained coatings as illustrated in Figure 7(a). It
also showed a comparative analysis conductive materials over a frequency range
Figure 7(b).

Effect of physical shape or weave pattern of electrode on impedance. To increase the flex-
ibility and conformability of electrodes with body parts, knitted fabrics were used instead
of loom-woven structures. Azam et al. conducted a study in which they silver and copper
nanoparticles were deposited on knitted fabrics by wet chemical process, having potential
use in electrotherapy. The efficiencies for conductive electrodes was tested for a few
characteristics such as physiological comfort, electrical conductivity, antibacterial ef-
fectiveness, and durability. Their fabric-based electrodes were not only stretchable but
also played a vital role in constant current delivery even body parts were moving. The
electrodes were subjected the constant current through the TENS machine of electro-
therapy. Figure 8(a) shows the flow of current through the electrodes, Figure 8(b) presents
the prepared flexible metal coated electrodes. The constant current for the prolonged
duration of time was given and was the constant output as shown in Figure 8(c). They also

Figure 7. The agar-electrode impedance of textile-based electrodes. (a) Flat textile structure for
different coating materials over frequency range of 1-10,000 Hz. (b) FC structure with various
conductive coating materials in the frequency range of 1-10,000 Hz. Reproduced from Milad
Alizadeh-Meghrazi et al. (2021), [Evaluation of dry textile electrodes for long-term
electrocardiographic monitoring]; published by [BioMed Eng OnLine] under the terms of the
Creative Commons CC BY 4.0 license.9
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subjected the various stretch and recovery cycles to the prepared electrodes and observed
the drop in volume resistivity Figure 8(d).84

Moreover, the brief discussion over the type of impedance involved due to the different
types of material of electrodes and their limitations are given in Table 3.

Impedances involve due to the ageing of electrodes. The insertion of array of electrode in the
tissue of neurons can generate a response of inflammation, a reaction that can be intensify
with continuous supply of electrical currents. Over time, the prolonged stimulation not
only aggravate the biological response but also contribute to the degradation of material of
the electrode, that can be amplified in the presence of inflammatory environment. The
combination of deterioration of electrode and worse reaction of tissues pose serious risk to
the long-term efficiency and reliability on the electrode for stimulation.85 Sometimes
electrical readings can also be changed significantly due to surface modification. The
rigorous testing makes the abrasion on electrode sites, leading to the increase in surface
area without changing the diameter. It can cause current leakage, increase in capacitance
and reduction in impedance. Moreover, the coating of conductive materials like PEDOTor
platinum black on the recording sites can significantly alternate the effectiveness of
resistance, capacitance and impedance as well.86 The material composition of electrode

Figure 8. (a) Flow of current through the knitted fabric electrodes, (b) the prepared stretchable
knitted electrodes. (c) Constant behavior of electrical resistivity over a prolonged duration of
time, (d) electrical resistivity behavior against 50% and 100% stretch of conductive knitted
electrodes, Reproduced from Azam Ali et al. (2018), [Utility of silver-coated fabrics as electrodes in
electrotherapy applications]; published by [Journal of Applied Polymer Science] Reproduced with
permission from Copyright Clearance Center (license no.6050440847942).84
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Table 3. Electrodes specification, impedances involved and recommendations for effective
electrostimulation.

Sr.
no.

Material/ substrate/object
name

Limitations with respect to the transmission of
electrical signals or associated resistances. Ref.

1 Self-adhesive While using pre-gelled electrodes continuously, the gel
dries out it can rapidly reduce the electrical
conductivity.

151

2 Carbon rubber electrodes Hard structures may have the sharp edges may start
lifting, which can drastically raise the current
density, resulting in an uneven current distribution.

152

3 Electrode gel The air drying of gel could result in drastic rise current
density, which results to irregular current
circulation, in turn results in uneven distribution of
current signals.

153

4 Electrodes sponges To connect carbon rubber electrodes to the skin,
sponges wet with tap water could be utilized and it is
a suitable choice when utilizing large electrodes. It is
important to ensure the sponges are properly
dipped (neither excessively wet nor overly dry), and
when they become dirty, they could be replaced.

154

5 Sizes of electrodes By using smaller electrodes current density could be
enhanced, and results in excitation less comfortable
and increasing the risk of burns. It is important to
ensure the size of electrodes adjustable with the
relevant muscles, an average size electrode mostly
use in the forearm, shoulder, and in calf. It is
recommended to use larger electrodes larger
muscles like the lumbar spine quadriceps and
hamstrings. To ensure the greater distribution of
current.

155

6 Electrodes polarity The polarity of electrodes is severely affecting the
resistance and transmission of proper signals.
Selecting the appropriate size and polarity of
electrode is important and should be based on target
muscle properties. The polarity of electrodes is
primarily determined by their sizes; larger
electrodes tend to be more polar and could be
adjusted on the area where they applied.

156

7 Electrodes positioning (Mono
polar placement)

The cathode was placed on the motor neurons of
objective muscle, while anode was placed on the
muscle of objective, or directly on nerve that layout
nerve supply. The waveform exhibits greater
current distribution in both negative and positive
direction, hence engineering a well-defined circuit.

157

(continued)

18 Journal of Industrial Textiles



also plays an important role in determining the damage of anode under electrostimulation.
platinum-iridium and platinum baaed electrodes demonstrated great durability, with no
sign of degradation under electrostimulation. . In contrast, stainless steel exhibited the
least resistance to corrosion, especially under direct current (DC) stimulation. The
electrodes made from tungsten responded differently under DC due toi the development of
protective surface layer. Platinum’s ability to maintain great level of current over time, can
cause increase in temperature of the solution. Additionally, short intervals of stimulations
can cause shift in the pH near electrode surface.87 The impedance change due to stim-
ulation is temporary, as the value of impedance returns back to ground readings after
several hours of electrostimulation. This phenomenon explains the loss of cells from the
surface of electrodes after every stimulation and also implies that electrical stimulation
caused localized disruption in the phenomenon of cell adhesion.88 A study by Green et al.,
explains the degradation of platinum- based surface area of electrodes. The platinum
electrodes with roughened surface er tested for straight 16 days, 500 µA, 200 micro-
seconds width stimulation for 2.8 billion cycles. The authors noticed some protein debris
adsorbed on the surface of platinum electrodes, and there was no change in charge storage
capacity.89

Table 3. (continued)

Sr.
no.

Material/ substrate/object
name

Limitations with respect to the transmission of
electrical signals or associated resistances. Ref.

8 Electrodes positioning (Bipolar
electrode placement)

This position could be considered when the waveform
generates even current distribution in both
directions, during each pulse both electrodes are
thought to be efficient, and both electrode
experiences negative and positive phase. For the
reduction of impedance for current distribution it is
possible to align the electrodes in a parallel to the
longitudinal direction of the muscle fiber.

158

9 Electrodes spacing When electrodes are positioned near each other the
current tend to travel closer to surface. The
distribution of the current will be greater in case of
wider spacing due to deep penetration, electrodes
are typically positioned at a greater distance.

159

10 Dry textile electrodes The most important electrodes are dry textile
electrodes, because they can reduce the resistance
in many ways as their flexibility allow them to adhere
to the applied area. Hence, they can enhance the
skin electrode contact. However, it lacks due self-
adhesive system which limit the efficiency of these
electrodes.

160
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Impedance due to involve factors between skin and electrode and inside the
body muscles

The impedance may be present inside the electrode, inside the body and during connection
between human body and electrode. The impedance of skin-to-electrode impedance works
a pivotal role to facilitate effective electrostimulation. Effective electrostimulation re-
quires careful consideration of ways to monitor the impedance of skin-electrode contact,
physical conditions and environmental elements which may affect greatly on the im-
pedance of skin and electrode contact points. Impedances, which exist within electrode
interference and skin that contain skin surface.90 Skin characteristics including the level of
charged particles, water content, the existence of dead tissue, fat, sweat, etc., are major
contributors to the interface impedance. External factors environmental moisture, air gaps,
pressure, and body weight on electrodes, the position of the electrode, measurement time
and individual differences all contribute significantly on the impedance value of skin-
electrode contact point.91 Moreover, within the body, impedance at the interface is de-
pends upon tissue composition, muscle type, fat contents, and the distance traversed by
muscles during electrotherapy. Recommended textile electrodes introduce resistance
between skin’s surface and conductive fabric. The electrical current flow through the
fabric, due to the conductive coating materials (flow of electrons), while the current flows
inside the body through the ions (present in the form of salts). Factors other than im-
pedance of electrode material determine the impedance value between the human body
and the fabric’s out-of-plane. The electrode functions as a transducer, converts ionic
currents into electronic ones and vice versa. Charge carriers do not traverse the interface;
rather, the movement of charged particles within the body generates a time-varying
electrical field, causing the redistribution of free electrons on the metal side.92

The effect of moisture over the impedance. Environmental moisture may affect the im-
pedance during placement of electrodes over the skin. Maintaining low impedance be-
tween electrode and skin is crucial as it effect the signal-to-noise ratio (SNR) and lower the
impact of external noise or signal artifacts.93 However, moisture appears in the form of
sweat (comes out during perspiration) may contain a range of salt ions. These ions in turn
increase the skin electrodes impedance. Skin conductivity and hydration could increase by
humidity.94 Moreover, due to the sweat accumulation the humidity level may change that
leads to variation in the conductivity of the dielectric layer.95

The effect of airgaps between skin and electrode over the impedance. The performance of dry
electrodes may be influenced by electrode material and air spaces on skin. In the absence
of electrolyte/sweat, the greater stratum corneum impedance makes the collection of high-
quality signals with dry electrodes extremely difficult, especially in those with dry skin. To
overcome the high stratum corneum impedance, researchers proposed micro tips/pin-
based contact electrodes. The surface of the electrodes comes in contact with the skin and
consists of pins/spikes with a height of the order of 150 μm,96 which is sufficient to
penetrate the 20 μm-thick stratum corneum. This technique overcomes the stratum
corneum’s high resistance, and the charge transfer mechanism is comparable to that of wet
electrodes.97 Dry electrodes have slightly different skin impedance models than gel
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electrodes due to accumulated air gaps and hairs, which result in capacitive and resistive
coupling with the skin. On the other hand, gel-based and semi-dry electrodes permit
resistive coupling.98

Dimities effect on skin electrode impedance. The impact of various forms of dermises, fat
contents, age and gender are some more human factors, easily create signal to noise
problems during measurement. The human skin typically comprises of three layers such as
epidermis and dermis viable the stratum corneum (SC),. Moreover, some skin appendages
including hair follicles and sweat glands are also present in horizontal direction.93 Stratum
corneum is the primary outer layer which serves as the main barrier in any transdermal
transport.99 It is primarily made up of dead cells known as corneocytes that lack nuclei and
are embedded in an organized and dense matrix composed of lipids. The moisture level of
this layer is maintained at 20%. The structure and configuration of this layer is considered
to be the defining factor of hydrophobic characteristics of the skin,100 along with the
narrow transport pathway that is associated with higher skin impedance. This high
impedance due to stratum corneum (SC) can be recorded at frequency lower than
1000 Hz.101 Moreover, the saturated lipids including cholesterol, fatty acids and ce-
ramides act as additional permeability barrier. Therefore, the characteristics of stratum
corneum (SC) i-e its unique physiological configuration influences the skin impedance
measurement and also the assessment of permeability of skin, which requires further
research and study. A study examining the behavior of impedance in relation to the
subcutaneous fat layer has indicated that fluctuations in impedance may result from
alterations in the conducting medium (such as subcutaneous fat layer, skin, connective
tissues and muscle) or from changes in geometric variables.102 Various observations have
been conducted to determine the potential impact of fat on EIM outcomes. In one study,
Garmirian et al. claimed that, in general, the impacts of fat would be negligible, with the
possible exception of obese patients.103 Furthermore, a specific study identified bio-
impedance disparities in obese subjects through morphometric analysis of various tissue

Figure 9. (a) An illustration of impedance at skin-electrode contact point, (b) Frequency response
of skin-electrode impedance. Reproduced from Bahar Taji et al. (2014), [Impact of Skin Electrode
Interface on Electrocardiogram Measurements Using Conductive Textile Electrodes]; published by
[IEEE Transactions on Instrumentation and Measurement] Reproduced with permission from
Copyright Clearance Center (license no. 6050281405672).14
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compartments using MRI.104 Furthermore, they discovered no apparent change in SFL
thickness among female and males. Additionally, no gender effects of SFL thickness were
found on upper limb EIM by another researcher.105 However, Sung et al. claimed that a
significant amount of current will pass via fat at the locations nearest to the voltage
measurement when currents passes through tissues beneath the power-measuring de-
vices.106 The electrochemical characteristics of the different human skin behaves dif-
ferent; which effect on connection between the skin and electrodes. A recent research
study suggested a way to model and evaluate the relationship between textile electrodes
and skin tissue modeling using electrochemical techniques.14 The measurements are
presented in Figure 9(a) and (b), demonstrating two electrodes and their interaction with
user’s tissue. R tissue shows the impedance of tissues between two electrodes. The two
similar electrodes constituted of stretchable conductive fabric made from medical-grade
Dorlastan (8%) and silver-plated nylon (92%) were used. In the upper middle arm of a
healthy human, the tissue impedance (Rtissue) is almost 150V, while the resistance of the
electrodes on the skin is greater than 1 M V.

Pressure effect on impedance. The resistance at the junction between the electrode and
the skin at the interface between the skin and electrode also primarily influenced
through pressure. Applying pressure to the electrode could increase the interaction,
that leads to decrease in resistance. As the dry textile electrodes showed lack of
adhesion, the quality of recorded bio-potential signals can be improved by applying
appropriate pressure to sustain skin-electrode interaction.107 Consequently, the impact
of pressure on skin-electrode impedance was examined in a recent study. The study
utilized flat textile substrates comprised of silver yarn and tested, 20 mmHg, pressures
of 10 mmHg and 30 mmHg (∼1.33 KPa, ∼2.66 KPa, and ∼3.99 KPa, respectively),
falling within the recommended pressure range for electrode compression
applications.108,109 It may be observed that the resistance of dry fabric electrodes with
various conductive coating materials was not significantly affected by pressure (as
shown in Figure 6). The subsequent ECG measurement was taken at a pressure of
20 mmHg (∼2.66 KPa), It has been demonstrated that for ECG applications, this
pressure provides superior signal fidelity.110

Effect of weight over impedance. Moreover, different weights were applied over seven
different conductive electrodes and dry and wet conditions. The impedance–frequency
values under different load weights were evaluated. The sudden decrease in im-
pedances values from 400 V to 50 V was observed. Due to the pressure more, im-
paction and more flow of electrons is estimated due to the close proximity of
conductive web.111

Effect of temperature. In aforementioned studies based on gel electrodes, it has been
demonstrated that the capacitive and resistive property of skin-electrode interface be-
comes higher with the decrease in temperature. Such study was carried out with the
temperature range between 26 and 36°C. This variation in impedance is related to the
temperature changes rather than the fluctuations in flow of blood.112 In a research study,
the temperatures were maintained at 23°C i-e room temperature and, no alterations were
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Table 4. Impedances involve due to skin and electrode and inside the body muscles and
recommendations for effective electrostimulation.

Sr.
no.

Material/substrate/
object name

Limitations regarding the transmission of electrical signals or
due to the involved impedances Ref.

1 Limb position It is better to place limb in a way that it is located in the center
of muscle distance. In this way it induces optimum
contraction of muscle along with lowest possible
impedance. It is advised to avoid shortened and lengthened
position of limb in order to achieve efficient
electrostimulation.

161

2 Voluntary contraction
of patients

The voluntary contraction by patients, along with motor
imagery (visualizing about muscle contraction) and
electrotherapy seems to present better response towards
the plasticity of motor cortex (post-stroke) as compared
to just focusing on exercise or electrical stimulation
process. Therefore, in this way the use of proper device,
and even distribution of signals by avoiding the
unnecessary impedances are most important.

162

3 Motor point The electrodes should be carefully positioned where motor
points are present. It is because the contractions induced
on these points require less current amplitude and impose
minimum resistance or impedance to muscles.

163

4 Denervated muscles This happens during motor nerve depolarization and not by
any other factor directly affecting fibres of muscles.
Therefore, it needs to provide longer phase duration of
NMES pulse such as 100 to 300 ms approximately and
consequently demands more electrical charge in order to
induce contraction. For this purpose, it is important to
select right position and appropriate device for
electrostimulation.

164

5 Skin surface The reduction in impedance during longer procedures of
electrostimulation depends upon the skin that is present
below the electrode and becomes extraordinary hydrated.
This happens because of the gradual increase in ions (due
to diffusion) and sweat that is trapped beneath the
electrode.

165

6 Fat contents in the
demits

The layer of fats under skin surface acts as an electrical
dielectric. These fat content induces capacitance because
of its property of electrical impedance. This capacitance is
produced by greater conduction through skin (low
barrier) and high conduction through muscles (low
resistance) that are separated by layer of fat.

166

(continued)
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induced to agar sample and the subjects being established. Consequently, we are unable to
explore the impact of temperature, as the contrary direct relation of skin-electrode im-
pedance with the temperature change was considered.113 The movement of electrode and
the fluctuation in impedance of electrodes due to changes in temperature is linked to the
failure of electrostimulation.114 According to the findings of a study, many patients in-
dicated that the capacitive and resistive characteristics of skin-electrode resistance do not
alter even if the temperature is changed between 36.0°C and 27.5. Also, there was no link
among skin-electrode impedance and the core temperature. Table 4 is elaborating the
limitation in electrical signal transmission due to location of organ and their involved
impedance.

Impedance involved due to the electrostimulation devices, and
operating parameters

A wide range of devices are used to transmit the NMES signals. Most of them comprising
battery operated and portable devices that are used to send NMES. There are also other
composite devices that are not only send NMES but also send other various types of electrical
currents and these electrostimulation techniques include TENS (Transcutaneous electrical
nerve stimulation), interferential current therapy, and HVPC (high voltage pulsed current).
These current therapies delivered via alternating current AC and plug-in electrical devices for
the application of NMES. These devices not only provide various types of NMES but also
administrated other various types of modalities like ultrasound. Typically, when employing
large electrodes (for example, 10 × 13 cm), to activate several muscles, or stimulating large

Table 4. (continued)

Sr.
no.

Material/substrate/
object name

Limitations regarding the transmission of electrical signals or
due to the involved impedances Ref.

7 Subcutaneous fats Among those individuals who are obese and possess thick
subcutaneous fat layer, this factor of capacitance is very
important. The impact of effect of this capacitance results
in creation of a time constant between charge and
discharge process which ultimately modify the energy that
is transmitted to muscle.

167

8 Gender difference Impedance in female body is greater as compared to the
bodies of male. This is due to the difference of many
characteristics including skinfold thickness, fat content,
body weight and tolerance etc.

168

9 Age effect By comparing old and young persons, the upper extremity
muscle exhibit less and negligible effect of impedance while
lower extremity muscle shows major and continuous
effect, with more response in men. Impedance in older
individuals may be greater as compared to young person
because of the possibility of more health issues in them
that may affect the process.

169
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muscle groups, it is important to use the devices provide higher power (more than 80 mA). If
devices are not able to provide the enough power, then it is very hard to make the muscle
contract smoothly. It is important for manuals of devices to include the technical details. For
example, a common setting is a type of electrical signal called a classic waveform, which is a
type of balanced signal that switches its polarity 2500 times per second (which accounts
2500 Hz). A kind of BMAC which is also known as Russian current is split into bursts that
remains for 20 milliseconds. These bursts comprise current of 10 milliseconds provided
through AC current (half cycle) and this current is monitored by 10 milliseconds of non-AC
that complete half cycle. Hence provide the 50% of duty cycle and repeats about 50 times in a
second because of this technique maintain the eruption rate of 50). The carrier frequency
running in the background with constant of 2500-Hz AC. In recent times, various therapy
devices are generated to give different range of currents, including traditional Russian current,
that allow to adjust the things such as carrier frequency (between 1000 5000 Hz), burst
frequency (between 50 and 75 bursts per second), or burst duration (between 2 and
10 milliseconds). Normally, wall-powered stimulators are the ones that provide therapeutic
currents which change over time. Instead of it, operating parameter such as frequency range,
time of repeated impulses and range of applied current may also effects on impedance. The
impedance assessment of dry textile electrodes with and without conductive filler constituents
screen-printed on them was deeply examined in a recent research work. To avoid intra and
inter impedance differences, an agar-based skin model was developed to examine func-
tionality of electrodes115 Assessing frequency requirement, coating constituents, and agar-
electrode impedance in dry textile electrodes over an extensively used frequency band (1 Hz–
10 kHz).31,116 Analysis followed under 20 mmHg (∼2.66 kPa) of functional pressure,
pretending real-world wearable ECG sensor circumstances.108,117 The contact impedance
modulus demonstrated a frequency-reliant on decrease, reliable with the distinguishing be-
havior of electrical impedance restrained on human skin.118 In another study, a significant
effect of frequency against the impedance was noted on dry textile electrodes. At same
pressure level 20mmHg the electrodes impedance dropped rapidly at 1 kHz as compared to
5 Hz.119 The contact impedance modulus reduced with accumulative frequency, subsequent
the characteristic tendency of skin impedance quantities. Moreover, the Table 5 is showing the
impedance involved due to the electrostimulation devices, and operating parameters.

Electrode types and impedance variations across different
electrostimulation modalities

Electrical stimulation is universally engaged to treat numerous nerve/muscle wounds and
accomplish both acute and chronic pain circumstances. This comprises the transmission of
electrical pulsation to muscle or nerve for the determination of triggering impulsive tissue
with the help of either interior or exterior electrodes. The aim of this procedure is to
insincerely build muscle power which generate or support limb drive and reduce the
pain.120 Several kinds of textile electrodes including printed electrodes with conductive
materials, nonwoven electrodes having conductive fibers, embroidery-based electrodes,
etc. propose many advantages when compared to the disposable surface electrodes (used
conventionally) as they are quite flexible, reusable and do not need hydrogels. It can
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Table 5. Devices, Equipment care and maintenance involve reducing the impedances during
effective electrostimulation.

Sr.
no.

Material/substrate/object
name

Limitation with respect to flow of electrical signals or
involved impedances Ref.

1 Type of device being used A wide variety of device such as TENS, NMES, HVPC and
interferential current therapy are normally used. All
devices give various range of voltages, impulses,
current and frequencies. The recommendation of
device should be in accordance to type of muscle, or
electrotherapy or electrodes used in combinations.

170

2 Electrodes attached with
device

For disinfection, use washing protocols. The unnecessary
resistance will be increase due to the accumulation of
oil, contamination and grease. However, the washing
and reusing of dry textile electrodes is recommended
as there is no effect on the increase in impedances is
observed.

171

3 Device with adjustable
current and frequency

Instead of old fashioned commercially available devices,
new devices are available with modifiable levels of
carrier frequency ranging from 1000 to 5000 Hz, burst
frequency from 50 to 75 bursts per second, or spurt
period of 2–10 ms. These devices are quite effective to
adjust current flow by avoiding unnecessary
impedances involved.

172

4 Portable stimulators They provide a series of three or more balanced,
biphasic, rectangular from 120 to 400 ms segment
intervals isolated through a 100-μs inter-pulse
duration. These spurts consist more than three beats
and carried 50 times a second. This waveform can yield
near-utmost force yield while minimizing discomfort,
indicating the important effect of waveform
appearances

173

5 Device providing pulsed
current (PC)

Pulsed current (PC) is extensively ideal for therapeutic
uses, as it decreases tissue injury dangers and can be
managed via convenient battery-operated devices. For
instance, a 10-s muscle contraction at 50 Hz and 300μs
pulse interval sends a total current of just 0.15 s

174

6 Device adjustment with
number of electrodes

Textile electrode impedance is usually assessed via two
methods: Direct detection (insignificant skin
resistance ∼150 V, by means of two skin-surface
electrodes) and reference detection. Vojkan Mihjlovic
working on direct detection to measure dry
electrodes’ contact resistance behind the ear,
enlightening its durable dependence on practical
pressure

14,15

26 Journal of Industrial Textiles



increase comfort level by reducing allergic reactions.121 It lets the muscles to be trained
without the normal neuro-stimulation or to pacify pain senses.122

Electrical stimulation is now extensively used for healing, health, and professional
physical activities. It’s frequently originate in gyms, clinics, and homes to improve athletic
activities and backing restoration over muscle instigation.123 The common types of
electrical stimulation are given below:

· Transcutaneous Electrical Nerve Stimulation (TENS),
· Functional Electrical Stimulation (FES) and
· Neuromuscular Electrical Stimulation (NMES).

TENS is the used globally in pain-relief technique, bringing electrical instincts to nerves in
pretentious areas to slab pain signs or stimulate endorphin production. Its pathway depend on
either constraining pain diffusion to the brain or triggering the body’s natural drugs.124 While
TENS effectiveness relics discussed, NMES is used for patient’s incapable to do daily ex-
ercises due to wound, frailty, or disorder, containing post-stroke continuing pain assistance.125

FES is principally used in medicinal reintegration for stroke, injury in spinal cord, or muscle
weakness and paralysis, bringing electrical signals to encourage contractions and enhance
flexibility, movement, and regaining. TENS/NMES may additional FES in around electro-
stimulation claims (target impedance: 1–10 kV at∼1 kHz), where electrode impedance under
10 kV certifies high-value ECG signals, prejudiced by construction methods and conductive
materials.126 Electrostimulation electrode impedance differs by category and presentation; for
example, printed conductive electrodes demonstrates low impedance (4.21V for NMES/FES,
5 V for FES), suitable for stimulation. Their insignificant resistance allows effectual current

Table 6. Showing different manufacturing methods of electrodes, their placement site on body and
field of research.

Electrostimulation modalities Types of dry textile electrode
Impedances
Recorded Ref

1 FES Printed electrodes with conductive materials 126

2 NMES/FES 4.21 V 175

3 FES 5 V 176

4 NMES/EFS + EMG 45. 6 V 177

5 TES 24.8 kV 178

6 TENS Embroidery 75 V 179

7 TENS Knitting and coating 14.5 kV 19

8 TENS 31

9 NMES/EFS 185 kV 126

10 NMES/EFS Nonwoven electrodes having
conductive fibers

4.21 V 180

11 FES Knitting with conductive yarns 5 V 181

12 FES 10 MV 119

13 TENS Conductive fabric 182

NMES/FES Weaving 4.60 V 180
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distribution in therapeutic presentations.127 Textile electrodes reveal extensive impedance
discrepancies: embroidery-centered (75V) and knitted-covered (14.5 kV) for TENS, whereas
nonwoven (4.21 V) and knitted-conductive yarn (5 V-10MV) aid NMES/FES. Electrode
assortment disapprovingly influences stimulation effectiveness, with fabrication approaches
and resources influential impedance standards (see Table 6).128–130

Suitable models to measure the skin impedance for dry
textile electrodes

Electrical background

The electrode’s effectiveness depends on its ability to conduct the current over the
human skin interface. A potential electrode is categorized for its efficiency to perceive
the human skin’s resistance and capacitance nature. The fabric having flowing current is
due to the presence of electrons, meanwhile the current in human body is due to the flow
of ions. The electrode material will play an important role to determine impedance in
human body and out of plane of fabric. The electrode will behave like a current convertor
device which will transduce electronic current to ionic current and vice versa. The
interface has no direct transfer of charge, instead movement of ions within the body will
create a time dependant electrical field which will rearrange the free electrons at metal
side. Therefore, it is sometime called as displacement current which is identical to the
circuit models for current including capacitance, making them impedance frequency
dependent.92

Electric current and the constriction resistance between contacting points. The interface of the
skin-electrode is inherently complicated, even in the case of smooth metal surface which
come into contact with each other, while in case of textile, having rough surface, which do
not contact with each other will behave like a parallel capacitor with the and t constriction
with the nature of resistance.131 Figure 10 represent the interface of constriction and
contact point of any surface.

Figure 10. The current interface between constriction and contact point of any surface. Bahareh
Taji Reproduced from Emanuel Gunnarsson et al. (2023), [Three-lead in vivo measurement
method for determining the skin-electrode impedance of textile electrodes: A fast, accurate and
easy-to-use measurement method suitable for characterization of textile electrodes], published by
[Textile Research Journal] under the terms of the Creative Commons CC BY 4.0 license.142
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The majority of mating contact elements can be characterized usually by their electrical
resistivity values. In case of time-varying current the air gaps reside in contact points
behave like capacitive elements (capacitors). However, the textile electrodes being
conformable to human body and comes in contact completely with skin, plays a significant
role to consider the contact impedance.132 Here, the produced impedance will be because
of impedance created between the skin and electrode.132 Therefore, dry electrodes, also
known as polarizable (some time made of pure metals) typically depend mainly on
displacement currents for signal transfer.133

The magnitude and phase shifting. The displacement currents generate time-dependent
charge distribution, which alters the local electric field. This changing (dynamic) electric
field induces the movement of charged particles (within the biological medium) on the
other side of the interface. However, the displacement currents dominate in dry electrodes,
while the wet electrodes particularly facilitate current transfer through other mechanisms,
such as redox reactions occurring at the electrode surface. Hence there is no theoretical
basis for assuming a direct correlation between the two parameters (sheet resistance and
contact impedance). In-fact, the magnitude along with phase shifting behavior at the skin–
electrode interface, normally influenced by a range of physiological factors, including
sweat density, hydration level of skin, presence of subcutaneous fat and concentration of
ions etc. Moreover, in addition to these biologically variable factors, the configured
geometry at interphase also plays a vital role to determine the impedance at interface.
Hence, its too important to propose some theoretical models (ranging in varying levels of
complexity), which accurately describe the electrical behavior at the interface (between
dry metallic electrodes and human skin).134,135

Sheet resistance. Mestrovic et al. claimed about no overall correlation between the re-
sistance of conductive textile electrode and low skin–electrode impedance. Therefore, it is
totally insufficient to measure only sheet resistance of conductive material before using it
to fabricate a textile-based electrodes (textrodes).136 In another study, Xiao et al. described
no correlation between sheet resistance and skin-electrode impedance. Some time it is also
noticed about the electrodes (textile electrodes) having low electrical resistivity showed
higher values of skin electrode impedance.

Moreover, in biopotentials measurements, the conductivity of textile-based
pathways—shaped by electrical design decisions such as putting high input imped-
ance differential amplifiers usually do not have direct effect on the electrostimulation and
its measurements. The parasitic effect might hinder the real evaluation of the performance
of impedance. Hence, whenever the electrode impedance would be measured, it can be
observed that there is no correlation between a low contact impedance and low sheet
resistance.137

Skin-electrode impedance models

Various models have been developed to explain the interface, including permanent or
resistive and current-dependent equivalent circuits for the measurement of skin electrodes
impedances. To understand the working of any model, one must understand nature of skin
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which works as both resistor and capacitor. Different types of models were studied to
estimate the measurements of resistor and capacitor in skin-electrode electrical models.134

Three popular electrical models were studied for skin-electrodes interface. These are: (a)
The single time constant, (b) The double time constant model, and (c) The Cole-Cole
model.

Single -time constant model. Geddes and Baker suggested electrical model with a com-
bination of resistor and capacitors in which resistors are attaches in series and a com-
bination of one resistor and capacitor, attached in in parallel combination as illustrated in
Figure 11, where Ehc is the cell potential, Cd is the capacitance between skin and the
electrodes, Rd is the resistance between skin and electrode during charge transfer, and Rs
represent total resistance and deep skin tissue resistance. This model suggest that the total
impedance is frequency dependant. At lower frequency range, the capacitor act like an
open circuit, hence the total impedance sums up as Rs + Rd. At higher frequencies, Cd act
like a short circuit, which causes the impedance to act Rs.138 The Figure 11 illustrates the
different models which explains the behaviour of skin under different electrical circuits.

Reproduced from Bahareh Taji et al.(2018), [Effect of Pressure on Skin-Electrode
Impedance in Wearable Biomedical Measurement Devices]; published by [IEEE
Transactions on Instrumentation and Measurement] Reproduced with permission from
Copyright Clearance Center (license no.6050760154839).139

Double-time constant model. Kaczmarek andWebster represent a more advanced method to
measure the impedance value of skin-electrode contact points, which contain dual single-
time constant model. The first one explains the interface of electrode and electrolyte,
whereas the later one suggest the interaction between electrolyte and skin. The combi-
nation of two stages provide better results and show accuracy in bio-potential signals.140

Cole-Cole model. Awell-known impedance measuring model which is used particularly for
biological tissues, is the Cole-Cole model. Since the skin’s impedance dominates the
overall impedance in a double layer (double time constant) model, it is used as the skin-
electrode contact impedance. The main difference is that instead of Cd (substitution of the
capacitor) there exist a constant phase element (CPE), that also known as a fractional
capacitor.141 This component’s impedance is equivalent to:

Figure 11. (a) Single time constant, (b) Double- time constant, (c) Cole-cole method.
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ZCPE = 1/(jωC)α

where C is the capacitance and α is its order (0 < α <= 1), figure presents the model
equivalent circuit diagram. The introduction of Cole-Cole model against other two models
explain the better durability and dependability of frequency response, and accurate
impedance measurements.141 Each R||C link gives rise to a specific time constant (re-
laxation time). However, for wet electrodes, only one time constant is used and for dry
textile electrodes a model with two time-constants is particularly used.142 These models
are shown in Figure 12.

In-vivo testing for skin-electrode impedance

Utilizing phantoms as an alternative source of In vivo measurements in order to get some
parameters about electrode’s performance by calculating the impedance but in case of
human skin, phantoms may not precisely represent the desired performance of human skin.

Rosell and McAdams have already addressed these issues earlier.91 Therefore, in
alignment with the recommendations of both (Rosell et al. and McAdams suggestions),
During the performance evaluation of electrodes the measurement of impedance should be
conducted without any skin preparation, also on various subjects and specifically on body
areas recommended for application whenever features of potential electrodes are under
observation. A conventional technique to measure the impedance between skin and
electrode is a two-lead method. However, it also presents some limitations, as it based on
the assumption which involves the whole-body symmetries impedance, and the even
effect of skin-electrode impedances every place over the skin.

Figure 12. Theoretical simulated electrical circuital model for the interface of skin and electrode.
Reproduced from Emanuel Gunnarsson et al. (2023), [Three-lead in vivo measurement method
for determining the skin-electrode impedance of textile electrodes: A fast, accurate and easy-to-use
measurement method suitable for characterization of textile electrodes], published by [Textile
Research Journal] under the terms of the Creative Commons CC BY 4.0 license.142
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The limitations found in the two-lead method were easily eliminated by the three-lead
method. In a research study, a simple in-vivo method of three-lead was introduced to
measure impedance. The study aimed to prove three-lead method as the most suitable way
to overcome and eliminate the number of limitations such as, it emphasizes on the efficient
characterization of textile electrodes using right, precise and reliable method other than
depending on limited, insufficient and inefficient methods. Thus, the three-lead method
not only overcomes the impedance of whole-body during measurements but also diminish
the effect of other impedances.143 The method is simple and only focuses on the im-
pedance measurement of skin-electrode. With a complete circuit theoretical angle, during
the measurement of impedance and resistance, there are three fundamental setups that can
be employed. These include two-lead, three-lead and four-lead measurement methods.
The first setup of a two-lead measurement includes two leads that are directly connected
with the sample. In three-lead testing, three leads are directly connected with the sample
and in four-lead testing, four leads are directly connected with the sample. The results in
two-lead experiment record every impedance between detecting points and the voltage.
The four-lead method of measurement eliminates the contact impedances while a three-
lead method shows values for only a single contact interface which depends upon the
geometrical arrangement of electrodes. All these three fundamental setups are shown in
Figure 13 with Zci the skin to electrode number i impedance and Zbi the impedance of
human tissues at the location i. In these three setups, there is no current flowing in leads
connected to voltmeter along the circuit because of the exceptionally high input im-
pedance of voltmeter.143 Here in two-lead method, the current passes through all im-
pedances and therefore, the outcome in that possibility is:

Figure 13. The three basic configurations for the measurement of impedance. The dashed line
indicates the boundaries of the sample being measured. (a) In the two-lead measurement the value
will include all impedances; (b) in the four-lead measurement only Zb2 and Zb3 will be included; and
(c) in the three-lead measurement only Zc2 will be included. Adapted from Emanuel Gunnarsson
et al. (2023), [Three-lead in vivo measurement method for determining the skin-electrode
impedance of textile electrodes: A fast, accurate and easy-to-use measurement method suitable for
characterization of textile electrodes], published by [Textile Research Journal] under the terms of
the Creative Commons CC BY 4.0 license.142
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V ¼ ðZc1 þ Zb2 þ Zb3 þ Zc2Þ I0 (1)

0 Z2�lead ¼ Zc1 þ Zb2 þ Zb3 þ Zc2 (2)

It means that the measured impedance will include the impedances between the skin and
the electrodes 1 and 2 and the impedances of the human tissues at the locations 1 and 2. If in
any case, impedance measurement of anymaterial is done such as impedance measurement of
human tissue and it is necessarily required not to include any interference from wires or
contacts, then themethod of four-leadmeasurement should be utilized. In the Figure 13(b), the
measured voltage will not drop through Zc1, Zc2, Zc3, Zc4, Zb1 or Zb4 so that:

V ¼ ðZb2 þ Zb3Þ I0

0 Z4�lead ¼ Zb2 þ Zb3 (3)

The Figure 13(b) illustrates the arrangements of leads that defines the voltage pickup of
electrodes which are attached in nearest to Zb2 and Zb3 and the current is running between
Zb1 and Zb4. As mentioned earlier, no current was running within Zc1 or Zc2 due to the
high input impedance of the voltmeter. However, due to the swapping of position of
current carrying electrodes and the voltage measuring electrodes, the outcomes will not be
affected. By utilizing this method, anyone can measure Zb2 and Zb3 or any other com-
bination setup of these three impedances.

In the three-lead arrangement (Figure 13(c)), we observe that the segment portion
containing Zb4 is associated to a portion that does not conduct any current. It is because it
belongs to the connection series of higher impedance voltmeter. That is why the impact of
the higher end of voltmeter would be equal to the impact where Zb3, Zb4 and Zc2 are
attached to one another such as at one edge of Zc2. Hence, the voltage potential at lower
part of voltmeter would correspond to that of on the other side of contact Zc2. Therefore, it
will be:

V ¼ Zc2I0

0 Z3�lead ¼ Zc2 (4)

From description it is clear that three-lead method represents a measured data of
impedance between skin and electrode that is called as contact impedance. Also, this type
of arrangement does not depend upon any assumptions about any factors. The main
concept is that the input impedance of voltmeter is sufficiently great which prevents any
kind of current leakage through the branch. This required factor is fulfilled by all other
contemporary voltmeters. Moreover, only this arrangement can record the skin-electrode
contact impedance. Other setups will merely record assumptions about the contact im-
pedance value.144 The measurement of impedance for skin-electrode contact point were
measured by Ivium Potentiostat (Ivium Technologies, Netherlands) with a frequency of
1 Hz – 10 kHz. To ensure consistent testing for electrodes, which may be greatly
influenced by intra and inter-person skin impedances, a human skin model was developed
to determine the test results on human skin.115 In short, it was done by adding 0.97%NaCl,
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about 4.5% agar and some pure water and put it on hot plate to boil. Further, it was
transferred to a container composed of glass and left until it cooled and solidified. Similarly,
for each experiment, a new solution of agar was prepared by following this recipe and agar
mediumwas only used for a maximum of 7 hours. It is because the drying of agar should be
prevented to avoid its impact on the measurements of impedance. In Figure 14, three
textrodes were used and positioned about 7 cm distant from each other on this agar-based
skin model using the previous arrangement that is already elaborated in a studies relating to
skin-electrode contact impedance.32 By conducting the 2-electrode experiment, the ref-
erence (R) and counter (C) leads are attached to first electrode and the sense (S) and working
(W) leads were attached to second electrode as presented in Figure 14(b). However, in 3-
electrode experiment, the arrangement remains quite similar with one difference i-e the
working lead (W) is attached to electrode 3, represented in Figure 14(a). The equipment
provides continuous amplitude current in W and C cables, side by side detecting voltage
through the R and S cables. So, the 2-electrode experiment measured the impedance due to
skin tissues (also the subcutaneous layer of tissue), which is the agar of human-skinmodel in
this condition, and in electrode 1 and electrode 2. Furthermore, the 3-electrode experiment
also recorded this impedance which is also agar in this case and electrode 1. Thus, in this
way the electrode 2 impedance can be recorded individually by excluding the impedance
measured by 3-electrode experiment from 2-electrode experiment.

Conclusions

The muscle atrophy resulting from paralysis and severe illness poses significant chal-
lenges to the rehabilitation and increases mortality rate. A detailed analysis on different

Figure 14. Ivium connection setup for impedance testing. (a) 3-electrode configuration, obtaining
the impedance of the skin tissue (including subcutaneous tissue), which in this case would be Agar,
and Electrode 1, (b) 2-electrode configuration, obtains the impedance of the skin tissue (including
subcutaneous tissue), which in this case would be Agar, as well as Electrode 1 and Electrode 2.
Adapted from Castrillón et al. (2018), [Electrical performance of PEDOT:PSS-based textile
electrodes for wearable ECG monitoring: a comparative study] published by [BioMed Eng OnLine]
under the terms of the Creative Commons CC BY 4.0 license.149
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types of textile-based electrodes and their fabrication methods were done. The role of
controlled impedance and its factors were also elaborated. Textile electrodes offer
flexibility, comfort, reusability and biocompatibility, which makes them promising
electrodes for like neuromuscular electrical stimulation (NMES), transcutaneous electrical
nerve stimulation (TENS), and functional electrical stimulation (FES). This review fo-
cuses on the impedance variation across different modalities and it is observed that
impedance value of particular electrode and stimulation method decides the efficiency of
electrostimulation devices. Printed electrodes alongside conductive materials have low
impedance in NMES/FES applications than in FES applications which makes them good
for stimulation. Meanwhile, in TENS devices embroidery-based electrodes as well as
knitted and coated electrodes have high impedance compared to the mentioned electrodes.
As the non-woven electrodes with conductive fibers in NMES/EFS and knitted electrodes
with conductive yarns have the same impedance value as printed electrodes with con-
ductive materials. It was determined that the electrostimulation devices showed greater
efficiency when paired with electrodes having low impedance values. Consequently, it is
recommended to use printed electrodes integrated with conductive materials, non-woven
electrodes with conductive fibers to enhance the effectiveness of electrostimulation. In-
addition, it was also concluded that only three-lead provide the best skin-electrode contact
impedance, eliminating other body symmetric impedance, with accurate measurements.
Hence, advancements in conductive coatings, novel fiber blends, and innovative designs
could further elevate the efficiency of textile electrodes in electrostimulation fields.
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