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Abstract; Cardiovascular disease persists as the primary
cause of human mortality, significantly impacting healthy
life expectancy. The routine electrocardiogram ( ECG )
stands out as a pivotal noninvasive diagnostic tool for
identifying arrhythmias. The evolving landscape of fabric
electrodes, specifically designed for the prolonged
monitoring of human ECG signals, is the focus of this
research. Adhering to the preferred reporting items for
systematic reviews and meta-analyses (PRISMA ) statement
and assimilating data from 81 pertinent studies sourced from
reputable databases, the research conducts a comprehensive
systematic review and meta-analysis on the materials, fabric
structures and preparation methods of fabric electrodes in
the existing literature. It provides a nuanced assessment of
the advantages and disadvantages of diverse textile materials
and structures, elucidating their impacts on the stability of
biomonitoring signals. Furthermore, the study outlines
current developmental constraints and future trajectories for
fabric electrodes. These insights could serve as essential
guidance for ECG monitoring system designers, aiding them
in the selection of materials that optimize the measurement
of biopotential signals.
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0 Introduction

Cardiovascular diseases stand as the primary cause
of human mortality and the reduction of healthy life
expectancy, holding the top position in the global burden
of diseases. Electrocardiogram ( ECG) aims to capture
potential changes in the systolic and diastolic
manifestations of heart cells on the body’ s surface. This
provides crucial data for medical diagnosis and
treatment, aiding in the prevention and management of
cardiovascular diseases. Presently, conventional ECG
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stands as the predominant non-invasive tool for
diagnosing cardiac arrhythmias in clinical practice'"’.
Currently, conventional ECG holds the status of the
most widely employed noninvasive diagnostic tool for
arrhythmias.

The silver/silver chloride ( Ag/AgCl) gel electrode
has been widely utilized in ECG signal measurement,
suitable for both clinical and portable devices'”’'. The
electrolyte gel is utilized to decrease skin-electrode
interface impedance, ensuring effective electrical contact
between the electrode and the skin, resulting in high-
quality signals'>’. Nevertheless, the Ag/AgCl gel
electrode is often used as a disposable electrode, and
coated with conductive adhesive that may irritate sensitive
skin. Prolonged use of such electrode not only induces
skin allergy symptoms but also alters skin-electrode
impedance,, diminishing both the signal sensitivity and the
signal-to-noise ratio, thereby rendering it unsuitable for
extended wear' "’

The fabric electrode, a rapidly evolving flexible dry
electrode in recent years, is a kind of sensor featuring
textile structures capable of detecting bioelectrical signals
on human skin surface'”’. This kind of electrode is soft
and breathable, and can collect human electrical signals
without using conductive paste, which can well solve the
problem of irritation and allergy to human skin caused by
traditional electrodes.

Various types of fabric electrodes were developed for
long-term monitoring of human ECG signals. Bin Ahmad
et al. " developed a multi-functional application for ECG
signal monitoring cotton fabric flexible circuits. Cai
et al. ") designed a continuous, non-invasive and
comfortable ECG signal monitoring intelligent clothing.
Liu™® made a square plain woven fabric ECG electrode
with a side length of 4 cm using silver-plated nylon
yarns, and designed and released an ECG monitoring
wearable with the function of ECG signal acquisition,
processing and storage. Lin et al. " designed the ECG
monitoring system, which mainly included the fabric
ECG electrode, the signal acquisition front-end circuit,
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the power supply and the Bluetooth transmission system;
the fabric ECG electrode used for the ECG signal
acquisition was woven with silver fibers and conventional
yarns.

Based on the above situation, this research
summarizes the materials commonly used in fabric
electrodes and their structural characteristics through a
comprehensive literature review and analysis. In past
studies, the design of fabric electrodes mainly includes
two aspects: electrode materials and structures. Based on
the previous research on fabric electrodes, the relationship
between fabric electrode materials and structures,
electrode comfort and monitoring signal stability are
discussed. To exclude the influence of different
monitoring methods of other physiological data on the
comfort and stability of detection signals, relevant studies
on the monitoring of physiological signals such as
respiration, body temperature and heartbeat are not
included in this review. In addition, since the goal of this
research is the feasibility of ECG monitoring in daily life,
the discussion of invasive electrodes is excluded.

Databases searched include the science citation index
(SCI) in Web of Science, IEEE, Taylor & Francis,
ProQuest, Wiley, SpringerLink, PubMed, MDPI and
SAGE. The preferred reporting items for systematic
reviews and meta-analyses ( PRISMA ) statement were
used to guide the systematic review of relevant
literature''*""’.  Following the PRISMA statement
guideline, 794 papers were screened, resulting in a
comprehensive systematic review and meta-analysis of 81
pertinent studies from the databases. This review is
expounded on the aspects of research materials, research
methods, challenges and limitations, which provides a
reference for the design and development of fabric
electrodes.

1 Components of Fabric Electrode

Fabric electrodes typically consist of two main
components; the base material and the conductive
material. They are often combined by different
combination methods.

1.1 Base material

The base material, i. e. the substrate, serves as the
foundation or backing for fabric electrodes, providing
the structural support and enabling the integration of
conductive materials, thereby imparting conductive
properties to the fabric. Commonly used substrates
include woven fabrics, nonwoven fabrics and knitted
fabrics, each offering unique characteristics that
influence the overall performance of the electrode. The
choice of the substrate affects the flexibility, durability

and comfort of the electrode. Various techniques are
employed to attach conductive materials to the
substrate"'*! | which will be discussed in detail in the
following sections.

1.2 Conductive material

The conductive material is responsible for
collecting and transmitting ECG signals and thus is
crucial for the functionality of fabric electrodes. The
conductive materials can be metals, conductive
polymers, carbon allotropes such as graphene, or
innovative solutions like highly conductive liquids.
The integration of these materials with the substrate is
achieved through various methods, including coating,
weaving and embedding.

Silver and silver-based polymers are the most
commonly used conductive materials due to their
excellent conductivity and chemical stability. They are
often applied to the substrate via chemical deposition or
coating techniques'™ . Graphene, known for its superior
electrical and thermal conductivity, is another promising
material, particularly for flexible and wearable electronic
devices. When combined with nylon or other fabric
substrates, graphene can significantly enhance the
performance of fabric electrodes ' .

Recent research efforts have focused on developing
ternary composites combining carbon materials, metal
oxides and conductive polymers. This ternary composites
combination approach aims to leverage the synergistic
effects of these components to maximize the performance
of fabric electrodes''™ . For instance, electrodes based on
activated carbon and manganese oxide coated on cotton
woven fabrics have been investigated for their enhanced
electrochemical properties '’ .

1.3 Combination methods

Common combination methods of the base material
and the conductive material are shown in Fig. 1. The
first method is to weave conductive materials and base
materials together to get woven electrodes''” | knitted
electrodes' ™ , embroidered electrodes'™ and nonwoven
electrodes'™ . The second method is to apply conductive
materials onto base materials through various techniques,
such as electroplating, physical vapor deposition,
chemical polymerization, dip-coating and printing. This
ensures that the conductive material is uniformly covered
on the substrate, forming a continuous conductive
surface. The selection of the combination method
depends on the desired electrode performance, comfort
and manufacturing scalability. With this combination,
fabric electrodes can achieve efficient collection and
conduction of bioelectrical signals while maintaining
softness and adaptability.



484 XIE Yutong, ZAKARIA Norsaadah

Fabric electrode

Method 1 [

—— e e e o e e e e o,

+  Woven  Knitted Embroidered Nonwoven
4

) Method 2

Base material

Electroplating, physical vapor deposition,
chemical polymerization, dip-coating,
printing, etc.

N e e ===

Fig. 1 Combination methods of base materials and conductive materials in fabric electrode

2 Fabric Structure

The fabric structure not only affects the firmness
between the conductive material and the base material,
but also affects the stability of signal acquisition and the
comfort of wearing'?'. According to the interweaving
mode, the common textile structures are woven structure,
knitted structure, embroidered structure and nonwoven

structure (Fig. 1).
2.1 Woven structure

The woven structure refers to the fabric structure
formed by the interweaving of warp yarns and weft yarns,
which is stable and has good conductive uniformity"*".
Based on different woven structures and parameters,
various conductive fabrics can be produced. Figure 2
shows the plain woven and honeycomb woven fabric
electrodes used for ECG monitoring reported in Ref. [22].

Fig. 2 Woven fabric with conductive weft yarns and non-conductive warp yams[m . (a) plain woven; (b) honeycomb woven

Furthermore, the jacquard fabric is also a type of
woven structure textile produced by a jacquard loom to
control the arrangement of warp yarns and weft yarns,
creating intricate patterns and designs. This complexity
distinguishes the jacquard fabric from other common
woven fabrics in terms of functionality and design. The
jacquard structure enables precise pattern design,
allowing for specific functional or conductive distribution
in the electrode area ™’

2.2 Knitted structure

Knitting refers to the creation of a fabric structure
composed of a series of interconnected loops, where each
row of loops is formed from a continuous yarn. Each row

of loops is connected to the loops above and below it.
This results in a connected area of the conductive yarns,
allowing current to flow within the yarns as well as
between the yarns''. Figure 3 shows a physical
demonstration of electrodes with a knitted structure'™".
Knitted fabric electrodes are usually produced by using
silver-plated yarns as the basic material. They produce
large deformation during use and reduce the continuity of
conduction, and their dimensional stability is not as good
as that of woven fabric electrodes'™'. However, the
knitted structure can better adapt to human skin and deform
with it, helping to reduce the adverse effects of noise

caused by friction between the skin and the electrode'"’.
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Fig. 3 Knitted fabric electrode! 2!

2.3 Embroidered structure

The embroidered fabric electrode refers to the
electrode made by embroidering the conductive yarns or
threads onto the fabric surface'™’. The design of
embroidered structures can be customized according to
application needs. The pattern design can range from
something as simple as a single conductive thread to
something as complex as multiple connection points or
sensor networks. For instance, in fabric electrodes, the
embroidered structure can be designed in specific shapes
for ECG sensors, allowing for precise placement on key
areas of the human skin'”’. Logothetis et al.'*
optimized the design of embroidered fabric electrodes for
bioelectrical impedance analysis by examining the impact
of various embroidery characteristics on electrode
performance, demonstrating their potential for integration
into wearable health monitoring systems. Figure 4 shows
the embroidered fabric electrode with the snap fastener
parts reported in Ref. [ 28 ].

O
@

Fig. 4 Embroidered fabric electrode sample with snap fastener partsL28 ’

2.4 Nonwoven structure

The nonwoven structure refers to a structure of the
fabric made without traditional weaving or knitting
techniques. Instead, the fabric is formed by directly
bonding fibers together ( Fig. 5') through thermal
bonding, chemical bonding, mechanical entanglement,
etc. , so it lacks the distinct warp-weft structure typical of
woven fabrics. Nonwoven fabrics exhibit commendable

mechanical properties, including the tensile strength and
the elongation at break ™. This structure generally offers
good air permeability, moisture absorption and softness,
making it widely applicable in medical, filtration and
disposable products.

£
2
=
5
m
MD
Bond point i..
MD-—machine direction; CD—cross direction.
Fig. 5 SEM image of a nonwoven fabric?]
3 ECG Monitoring Signal Quality

Analysis

3.1 Effect of fabric electrodes with different
materials on ECG signals

In the development of novel electrode materials for
ECG signal monitoring, the signal quality is a crucial
metric for electrode accuracy and is significantly
influenced by both materials and electrical characteristics.
Numerous researchers have investigated how various
materials impact the quality of ECG signals. Yapici
et al. """ integrated graphene with textiles, creating a
graphene-coated conductive fabric electrode. The
experimental results demonstrated that the signal from this
electrode exhibited a 97% correlation with that of
conventional Ag/AgCl electrodes, indicating a high
degree of consistency. Zhang et al.'™ polymerized
polypyrrole ( PPy ) in situ on goat skin to create a
wearable flexible dry electrode that was biodegradable and
breathable. Gauthier et al. ™ mixed multi-arm carbon
nanotubes and polyethylene vinyl acetate (PEVA) into a
composite material with high viscosity, and then used a
syringe to extrude continuous fibers with a radius of
1.6 mm and a length of 3—6 cm. A long composite fiber
with a length of 2 cm was selected and fixed on the skin
of the subjects with a stretchable viscoelastic cotton strip
to measure the ECG performance, and a good ECG signal
could be obtained.
3.2 Effect of fabric electrodes with different

structures on ECG signals

Many researchers have evaluated ECG signals for

different fabric structures, as shown in Table 1.
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Table 1 Analysis of ECG signals across varied fabric structures

No. Author Fabric structure Experiment Result
Four kinds of fabric electrodes The pure conductive satin fabric had better air
based on silver-plated polyamide permeability and more comfort than the plain
1 Dong et al. - Woven and polyester blend interwoven fabric, but plain fabric electrodes showed better
plain and satin structures were ECG signal quality at a comfortable wearing
studied. pressure (2.5 kPa).
Fabric electrodes were prepared
with  silver-coated  conductive On the surface, the specific resistance of the
filaments and polyester filaments plain grain structure fabric electrode was the
2 Pan et al. I*" Woven as raw materials, and the change largest. That of the satin structure and the
of conductivity of fabric electrodes honeycomb structure fabric electrodes were
was studied only when the fabric small and thus had good electrical conductivity.
structure was changed.
A jacquard fabric electrode was
designed d it lity for ECG
.651gne ’ ar.1 1.s quatity for . The fabric electrode demonstrated good
Woven signal monitoring was studied. . . .. . .
[35] . . stability. Under static conditions, it maintained
3 Song et al. (jacquard The fabric electrode employed a 4 ECG sienal it fer th
00 signal quality even after three
technology ) double-sided woven method, with & . g' . 4 y
. consecutive monitoring sessions.
a layer of silvered yarns woven
into the weft direction.
Double-sided  fabric  electrodes
were prepared by interweaving
ith other fabrics through j d
W O7er TbIies TTough jacquar The ECG signals monitored by this electrode
technology. Among them, the . .
were of good quality, and compared with the
Woven structural yarn and the warp yarn . . .
. 9] R . . traditional Ag/AgCl electrode, its durability,
4 Lin et al. (jacquard were made of chemical fiber
. washable property , softness, human
technology ) filaments, the sensing layer and | e . .
. biocompatibility and integrability were greatly
the weft yarn were made of silver- .
improved.
plated yarns, and the double-layer
structure was formed in the weft
yarn direction.
The electrode did not stimulate the skin and was
Knitted fabric electrodes were easy to integrate into clothing or bandages. The
5 Catrysse et al. Knitted woven to monitor ECG signals in disadvantage was that the knitted fabric could
children. appear curly and loose, and the skin-electrode
impedance was also high.
Two kinds of conductive yarns,
namely silver-plated nylon yarns Comparative studies revealed that the factors
and 2-ply stainless steel fiber influencing conductivity were ranked in the
yarns, were used as raw order of raw material > structure > size.
6 7h ¢ o 17 Knitted materials. The electrode fabric Additionally, the fabric electrode made from
ang et al. nitte

structure was selected as plain
weave, 1x1 rib, and 1X2 rib, and
four circular electrode sizes were
designed, resulting in 24 types of
weft-knitted electrodes.

2-ply stainless steel fiber yarns exhibited a
while the
electrode made from silver-plated nylon yarns

superior transverse conductivity,

demonstrated a better longitudinal conductivity.
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(Table 1 continued)

No. Author Fabric structure Experiment

Result

The composite electrode material
. supported by graphene/MnO, on
7 Liuetal Knitted bporiec By &t :

the knitted fabric was prepared by

two-step electrodeposition.

The Ag-AgCl conductive yarn was
prepared by electroplating, and the

8  Luetal ™ Embroidered ~ embroidered loop fabric ECG
electrode was prepared by the
embroidery method.

The  fabrics  with  different
structures were woven  using
silver-coated yarns, and then their
electrical resistance was tested and
analyzed at different tensions, as
well as after tension was released.

The electrochemical performance of the
composite electrode material was obviously
better than that of the single MnO,-loaded
electrode material. The specific capacitance was
significantly improved, and the effect was best
when the electrodeposition lasted for 24 min.
Because the electrode material was based on the
knitted fabric, it had excellent resistance to
bending and folding.

The brush-like structure formed by the abundant
loops on the electrode surface allowed for close
contact with the skin, improving skin
adherence. This resulted in lower impedance
when measuring ECG signals, enabling more
accurate ECG signal monitoring.

The Tatami stitch embroidered fabric displayed
similar trends in resistance changes under two
different conditions, with only minor variations

9 Zhang et al. [40] Embroidered . in resistance values, indicating that its electrical
These tests were conducted both in . s
properties were not significantly affected by the
a dry state and after complete . . . . .
. .. . tensile force. This made it a suitable candidate
immersion in a simulated sweat, .
.. for use as a fabric electrode.
so as to compare the fabric
structures ’  electrical  stability
under tension conditions.
The effect of the AgCl tent
¢ etiee 0, ¢ Agkt con er'l on The electrochemical performance of the
electrochemistry and ECG signal . X
(1] . . . embroidered fabric electrode after 90 s
100 Huetal.* Embroidered acquisition of the embroidered . .
. . . electrodeposition and the practical performance
fabric electrode was investigated . .
. of collecting ECG signals reached the best.
by the electrodeposition method.
The stitch density was selected
from 0.2 mm to 0. 6 mm, a total The Tatami stitch embroidered fabric electrode
of 20 kinds of circular samples features evenly distributed contact points and
were made, and each sample had thread spacing, which effectively reduced the
11 Wang et al. "™ Embroidered two  needle  patterns. The resistance of the embroidered fabric electrode
performance of the computer- and significantly lowered the impedance at the
embroidered flexible electrode interface between the embroidered fabric
based on conductive stainless steel electrode and the human skin.
yarn was tested.

In general, the electrical performance of fabric When the distribution is uniform, these electrodes can
electrodes is significantly influenced by the specific provide more stable resistance variations and lower the
structure and the pattern. For embroidered structures, the impedance at the skin-electrode interface, making them
distribution of the needle-like yarn contact points and the suitable for prolonged ECG monitoring.

thread spacing can vary based on the embroidery pattern. The fabric electrodes with woven structures,
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especially those created with jacquard technology, tend to
offer enhanced stability, durability, washability, softness
and biocompatibility compared to traditional Ag/AgCl
electrodes. This makes them ideal for applications that
demand long-term wear and consistent performance under
varying conditions.

The fabric electrodes with knitted structures excel in
flexibility and bending resistance, which makes them
easy to integrate into wearable garments. However, they
are prone to curling and loosening, which leads to the
increased skin-electrode impedance and the reduced
overall effectiveness for precise ECG signal monitoring.
The higher impedance and potential structural instability
of knitted fabric electrodes make them less ideal for
applications where stable skin contact and low impedance
are critical.

4 Discussion

4.1 Key considerations for fabric electrode design

The results of this research will guide the designer of
the ECG monitoring system to choose the material for the
product.

1) The fabric electrode needs to be in close contact
with the human skin. This can be achieved not only by
increasing the thickness and the volume of the electrode
itself but also by utilizing the elasticity of the fabric,
which helps to improve the contact level between the
fabric electrode and the skin'*’.

2) The knitted fabric electrodes exhibit excellent
folding ductility, while the jacquard and the embroidered
fabric electrodes demonstrate relatively stable resistance,
leading to more reliable and higher-quality ECG signal
acquisition.

3) The size and the shape of the fabric determine the
size of the limited area and the current density of the
electrode in contact with the human body during the
monitoring process, so the change of the size and the
shape will have a great impact on its performance.
Furthermore, the washable fastness and the reusability of
the fabric electrode are essential, so it is necessary to
determine the optimal fabricating parameters and washing
conditions for the fabric electrode’ s reusability through
extensive washing tests to ensure the accuracy of signal
monitoring. These are the next key research directions of
the fabric electrode design field "'

4.2 Challenges and limitations

In recent years, dry fabric electrodes have attracted
much attention due to their ease of use, comfort and
portability. However, there are some challenges and
limitations that need to be addressed before they can be
widely adopted in ECG and other electrogram monitoring
applications.

1) Despite fabric electrodes offering superior comfort
to traditional wet electrodes, eliminating the impact of
motion artifacts and mitigating crosstalk and interference
from external sources during biological data reception

remains challenging.

2) Prolonged monitoring poses challenges for fabric
electrodes in sustaining consistent skin contact during
subject movement. The poor skin contact compromises
signal accuracy. Additionally, the long-term durability of
fabric electrodes necessitates further refinement' "’ .

3) Currently, fabric electrodes lack a standardized
evaluation criterion, highlighting the need for specific and
uniform assessment and measurement standards tailored to
long-term usage and development"*"”

4)1In the state of exercise, the skin in various parts
of the limbs is stretched to different degrees. When the
skin is stretched violently, the interface between the
fabric electrode and the skin has a complex impedance
problem, which affects the detection of the ECG signal.
This is a problem that still needs to be solved in the
development of fabric electrodes .

5 Conclusions

The fabric electrode is a critical component in the
advancement of wearable ECG monitoring systems due to
its superior comfort and ease of integration into everyday
garments. This study highlighted the potential of fabric
electrodes to replace traditional Ag/AgCl electrodes,
especially in long-term monitoring applications where
comfort and reusability are essential.

However, challenges remain, including the
management of motion artifacts, interference from
surrounding devices and ensuring stable signal reception
amidst pressure changes at the skin-electrode interface.
Furthermore, the lack of standardized evaluation criteria
for fabric electrodes presents a barrier to their widespread
adoption.

This research has provided valuable insights into the
relationship between fabric electrode materials and
structures and the quality of ECG signals. Future studies
should focus on optimizing electrode design parameters,
such as the placement, the size and the fabric properties,
to enhance both comfort and signal accuracy.
Additionally, long-term usability and washability
standards need to be established to ensure the practical
application of these electrodes in real-world settings.

In conclusion, fabric electrodes hold significant
promise for improving the accuracy and reliability of
bioelectrical signal monitoring, making wearable medical
devices more user-friendly and cost-effective. Continued
research and innovation in this field will be key to
realizing their full potential.
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