AUCTORES

Globalize your Research

Open Access

Review Article

Cardiology Research and Reports

N. Gokarneshan *

Role of Smart Textiles in Heart Monitoring

Sona.M. Anton !, N. Gokarneshan 2*, U. Ratna , Z. Shahanaz !, D.Anita Rachel 4, C.Kayalvizhi 5, M.Sakthivel ¢ and R.Devaki ©

!Department of Fashion Design and Arts, Hindustan Institute of Technology and Science, Chennai, Tamil Nadu, India.

2 Department of Textile Chemistry, SSM College of Engineering, Komarapalayam, Tamil Nadu, India.

3 Department of Textiles and Clothing, Avinashilingam Institute of Home Science and Higher Education of Women, Coimbatore, Tamil Nadu, India.

4 Department of Fashion Design, Footwear Design and Development Institute, Noida, Uttar Pradesh, India.

5 Department of Textile Technology, Jaya Engineering College, Tiruninravur, Tamil Nadu, India.

6 Department of Textile Technology, KSR Institute of Technology and Polytechnic College, Tiruchengode, Tamil Nadu, India.

*Corresponding Author: N. Gokarneshan, Department of Textile Chemistry, SSM College of Engineering, Komarapalayam, Tamil Nadu,

India.

Received date: September 23, 2024; Accepted date: October 02, 2024; Published date: October 10, 2024
Citation: Sona.M. Anton, N. Gokarneshan, U. Ratna, Z. Shahanaz, D.Anita Rachel, (2024), Role of Smart Textiles in Heart Monitoring,

Cardiology Research and Reports, 6(6); DOI:10.31579/2692-9759/141

Copyright: © 2024, N. Gokarneshan. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

1.Introduction

With the rapid development in technology and the ever-increasing demands
of people, conventional textiles are becoming inadequate for our uses.
Traditionally, textile clothing is expected to have a good fit, comfort, and
durability for use. Nowadays, these requirements are not enough due to
growing competition on the market and changes in society demand supported
with technological advancements. These societal demands and technological
advancements led to the development of “smart textiles” [1]. Smart textiles
are defined as materials that are able to change their behavior as a response
to the influence of external factors or stimuli from the surrounding
environment such as from mechanical, thermal, chemical, electrical,
magnetic, or other sources [1,2]. Based on their level of “smartness”, smart
textiles can be categorized into three subgroups: passive, active and very
smart [2,3].
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Passive smart textiles: textiles that only sense the environmental condition,
and react to the stimuli passively, e.g., biopotential sensors. Active smart
textiles: textiles that are able to sense the stimuli from the environment and
respond to that particular stimulus. This can be achieved by integrating an
actuator function and a sensing device. An example is a temperature-aware
shirt which will automatically roll up its sleeves when body temperature
becomes elevated. Very smart or intelligent textiles: textiles that are able to
sense the environmental stimuli, give reaction to the stimuli, and thirdly
adapt their behavior to the given circumstances. In the future, intelligent
fabrics are expected to be integrated with cloud computing. For example,
patients with a homecare medical device could send vital signals to their
doctor to diagnose their health condition [4,5].
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Smart textiles are commercially available [6] in different applications such
as in sports [7], healthcare [8], vehicle industry [9], military [10], personal
protection, and safety and space exploration [6]. Although smart textiles are
used in all spheres of our lives, healthcare is the most remarkable market
area, potentially enabling the development of new healthcare systems that
can ensure significant cost reductions [l11]. Due to the increasing
complication of medical treatments on the one hand and the advancement of
technology in the area, on the other hand, there is an emerging trend for a
personalized healthcare system. Smart textiles have the lion’s share in this
regard, where uses are equipped with wearable sensors to monitor their vital
signs continuously and they give greater potential to users to take active
control of their health as part of a preventive lifestyle which brings a
reduction in healthcare cost by the early detection of health problems [5,12].

Devices that monitor physiological activities such as heart activity or
electrocardio-gram  (ECG, also called EKG) [13], brain
activity/electroencephalogram [14], muscle activity/electromyography [15],
and other health indicators such as skin temperature [16], respiration [17],
breathing [18], sweating rate [19], etc. have tremendous advantages in
monitoring health. ECG is the process of recording the electrical activity of
the heart, one of the most important physiological signals, which contains a
treasure trove of information about the heart condition and heart-related
diseases, such as arrhythmia, cardiac arrest, premature atrial contraction,
premature ventricular contraction, congestive heart failure and coronary
artery disease [20-22]. Recently, wearable ECG devices that enable us to
continuously monitor heart activity are being developed as textile-based
devices. As textiles are an indispensable part of our life, this is quite
convenient for handling [23]. In the review paper by Pain et al. [11], a survey
on textile electrodes for ECG monitoring and the different materials used to
develop textile electrodes, factors that affect their performance in the signal
acquisition were presented.

This paper aimed to provide a scientific overview of textile-based electrodes
for ECG monitoring, with the main emphasis on the different types of
electrodes and recent advancements on ECG electrodes in general, and dry
textile electrodes in particular. Developments in wearable health monitoring
clothes and conductive textiles, especially for ECG monitoring, are also
addressed.

2. Textile-Based ECG Electrodes

Wearable electronic smart textiles can be developed by using the textile
fabric itself as a sensor or embedding the sensor in textile clothes. The
integration of flexible ECG sensors with everyday textiles will be convenient
for handling and cost-saving purposes [11,20,51].

Instead of attaching a separate electrode like a disposable Ag/AgCl electrode,
making the textile itself a sensing electrode is more interesting for
monitoring the health and wellbeing of individuals demanding long-term
heart monitoring. Textile-based sensors could contribute possibilities for
providing more affordable, accessible, and easy-to-wear measuring devices,
thus giving a greater potential to users to take active control of their health
as part of a preventive lifestyle which brings a reduction in healthcare cost
by the early detection of health problems. However, conventional textile
products that are found in everyday garments are intrinsically electrically
non-conductive and hence cannot be directly used for bio-sensing
applications. Sensing or data transmission via the textile material requires
the textile to be electrically conductive. Textiles can be made electrically
conductive by integrating metals, carbon materials, or conductive polymers
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into the textile structure through several techniques at different stages (fibers,
yarns, or fabrics) [48,52-58].

Wearable textile electrodes for continuous health monitoring products, as
part of standard clothing, are needed to satisfy several requirements. The
most important requirement is that they should have adequate electrical
conductivity [11,59]. Sufficient electrical conductivity is necessary to detect
even small amplitudes in the electrophysiological signals of the heart. High
electrical conductivity results in lower skin—electrode impedance which is
very essential during ECG measurements to acquire high signal quality [60].
Additionally, as part of standard clothes, textile electrodes should have a
good visual appearance taking into account fashion aspects, and at the same
time be comfortable for the wearer [61].

Furthermore, the conductive textiles should allow standard maintenance
such as washing and ironing. In addition, the electrodes should be easy to
wear and use, and should be as lightweight as possible, though should not
hinder the users’ movement and daily activity [62]. Apart from the
electrodes, the signal recording also needs interconnections and data
processing and possibly an antenna, which should also be integrated
(completely or partly) into the garment. After data processing, the result may
then in turn be used to display information on the health status of the wearer,
either to the user or to the concerned people such as their physician. All these
parameters of wearable sensors make designing such products very
challenging as many conflicting requirements must be considered during
product development.

Depending on the coupling between the electrode and the skin, textile-based
dry electrodes can be categorized into two types: contact and non-contact
electrodes. In contact electrodes, the direct physical coupling is established
between the skin and the electrode [39,63]. Electrodes are required to have
continuous conformal contact with the skin of the wearer to allow consistent
signal detection and to minimize artifacts and noise, i.e., unwanted signals
[60]. When electrodes are directly attached to the skin, they should be
biocompatible not to cause any negative impact on the skin of the user,
whereas in non-contact electrodes, there is no physical contact to the skin
and the electrodes are rather separated from the skin by a dielectric material
or air [64]. In a non-contact system, the electrodes should be kept at a fixed
distance from the skin for optimal operation. These sensors function by the
principle of sensing the electric field created by the displacement currents in
the body through the coupling of charges between the patient’s skin and the
electrode and are called capacitively coupled electrodes [21,65]. Non-contact
electrodes are especially important when contact electrodes damage the skin
like in newborns. Most electrodes used are contact electrodes and provide
better signal quality. These textile- based electrodes can be developed by
integrating yarns or wires to the textile structure or applying conducting
compounds onto the textile fabric surface. In the following section, the
methods to make textile electrodes for ECG applications have been covered
in detail.

Metal Integrated Textile Electrode
Carbon-Coated Textile Electrodes
Conductive Polymer-Coated Textile Electrode
3.Design Aspects

As an alternative to wet electrodes, dry textile electrodes that do not require
gel electrolytes are suitable for wearable long-term biosensing to monitor
cardiovascular diseases. Textile electrodes could be used in a wide variety of
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applications and have a larger contact area compared to other dry rigid non-
textile electrodes, but when embedded in standard clothes, they often do not
provide complete conformal contact with skin. Conductive textiles are
created by coating a conductive component on the textile surface or by
integrating metal fibers during the manufacturing stage, but because of this,
the flexibility of the fabric is negatively impacted, and the fabric is no longer
able to fit conformably with the curvilinear surface of the skin. For this
reason, textile electrodes are usually integrated inside tight fit garments
during the manufacturing stage [66] or patches of textile electrodes are
embedded inside elastic bands or tight fit shirts [67] to keep the electrodes in
their position and to ensure the proper connection to the skin of the user [68].
However, nonetheless, the electrodes create minimal movement over the skin
surface, which causes variation in skin—electrode impedance and negatively
affects the signal quality by generating noise interferences [11]. To improve
skin—electrode contact, prevent displacement of the electrodes on the skin
surface during body motion, and ensure uniform holding pressure, some
researchers prepared textile electrodes in a sandwiched structure by sewing
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pieces of conductive fabric with a foam layer and an outer layer of non-
conductive fabric [68,69], or simply sew the conductive fabric to a non-
conductive synthetic leather [70].

Moreover, slightly moisturizing the skin or the surface of the textile electrode
with a spray of tap water (saline solution) helped to lower skin—electrode
contact impedance and as a result, improved signal quality [71,72], which
shows the skin moisture (sweat) would also help to improve signal quality.
Textile is especially suited for this due to the capillary suction that can retain
the water. Weder et al., developed a breast belt with an embroidered textile
electrode together with a small water reservoir to keep the skin—electrode
interface humid and to obtain good signal quality [73]. However, keeping the
skin moist for a long period may cause discomfort to the users. On the other
hand, in [23], an ionic liquid gel is used to enhance continuous skin—
electrode contact and to improve acquired signals using textile electrodes
under dynamic conditions. Figure 9 presents some design examples of
wearable textile ECG monitoring systems.

(d) (e) (£)

Figure: Different wearable textile ECG monitoring systems: (a) ECG T-shirt with active electrodes and connectors; (b) PEDOT:PSS-coated polyamide
electrodes sewn into bras; (¢) electrode placement for ECG measurement where plastic clamps were used to fix the electrodes onto the wrist; (d) ECG sensing
wristband with printed and flexible electrodes; (¢) wearable chest belt with silver-coated nylon woven electrodes and Bluetooth module (f) ECG belt with
wetting pad (above) and the embroidered electrodes (below) Research outputs prove that textile electrodes are full of motion artifacts because of an unstable
contact of the electrodes on the skin leading to high skin—electrode contact impedance [74-76]. The skin—electrode contact impedance depends on contact
pressure, electrode placement, user activity and muscle activity in addition to the main textile electrode impedance [77]. Similarly, currently available
wearable health monitoring devices employ cables to connect electrodes to a data processing unit which hinders user activity and leads to discomfort [40].
Due to this, they are not in routine clinical use yet [78]. Designing a wearable ECG monitoring system that guarantees a permanent skin—electrode contact
and allows high ECG signal quality, which would be important to develop a true textile wearable system. Additionally, the washability and the dimensional
and environmental stability of the electrodes are key issues for long-term use that should be considered [79-85].

Generally, previous research in the area of textile-based electrodes has
overcome several problems associated with wearable biopotential
monitoring devices, however, the comfort of the user and the ECG signal
quality is not at a satisfactory level [59]. It is possible to overcome some of
the drawbacks of textile electrodes through optimal design, such as higher
contact pressure, moisturizing, increasing electrode size, and others.
However, many of these changes lead to other problems, mostly concerning
the comfort of the user

4.Future perspective

The demand for wearable health monitoring electronic textiles is promptly
increasing due to their flexibility, lightweight, and washing advantages over

standard electrodes. The use of textile-based electrodes to monitor
Auctores Publishing LLC — Volume 6(6)-141 www.auctoresonline.org
ISSN: 2692-9759

physiological activities also avoids the use of gel to reduce skin-to-electrode
impedance. Therefore, such electrodes would be an ideal replacement for the
gel-based wet electrodes and are promising electrodes for wearable
applications for long-term monitoring.

Since the introduction of textile-based ECG electrodes in the 1990s, the
research in finding better electrodes has drastically increased with much
promising improvement in artifact minimization, impedance lowering, SNR
minimization, and signal quality improvements. For instance, searching with
“ECG + textile” results in 316 Web of Science indexed articles and
conference proceedings that have been published in 30 different refereed
journals in the last three decades (1990-2020). Moreover, the publication
rate is increasing as shown in Figure 10. This shows that many experts are
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spending their time in the lab looking for improved textile electrodes. This
pace of research should eventually result in finding working, washable and
textile electrodes for long-term monitoring.

The rapidly increasing demand for e-textiles for physiological monitoring
resulted in new conductive materials investigations. New state-of-the-art
integration techniques of electronic components in the textile structure could
also evolve as a worthy solution in the near future. For instance, the use of
4D printing and investigating 4D conductive materials that are able to change
their size and dimension under external controlled stimuli could play a role
in lowering skin-to-electrode impedance and improving fit and design
concepts.

Smart wearable textiles are the result of interdisciplinary research, which
connects concepts and expertise from textile engineering, computer
engineering, electronics, material science, medicine, and more [5]. The
integration of expertise and the high demand of markets for smart textiles
leads to continuous improvements in the technology, supported by growth in
research. The development of a reliable textile-based ECG electrode requires
a collaboration of experts from textile, material, medical and electrical
engineering.

5.Conclusions

The rise in health care costs and advancements in technology necessitates an
emerging trend for personalized health care. Various electrical physiological
functions can be observed by means of wearable health care devices. Of the
different bio-signals, ECG signals are considered crucial since they offer
information regarding the heart condition and cardiovascular diseases which
is one of the most prevalent causes of death worldwide. For the early
detection and diagnosis of cardiovascular diseases, the continuous and long-
term measurement and monitoring of the ECG signal is very important. The
commercially used Ag/AgCl gelled electrodes are not suitable for long-term
wearable health monitoring systems, due to dehydration of the conductive
wet gel over time which causes signal quality deterioration and discomfort
for the user, and because they are directly attached to the skin with a
connecting wire, often leading to discomfort at the electrode location over
time. Dry electrodes are considered a good alternative to those gelled
electrodes, especially for long-term use. Dry electrodes made of rigid metals
and conductive textile products have been reported by many investigators.

Textile electrodes for ECG monitoring can be developed by integrating metal
yarns into the textile or coating with metal nanoparticles, coating with carbon
materials, and coating with conductive polymers. As textile clothing is one
of the most frequently used materials in our daily life, they are ideal for
wearable health monitoring systems. Wearable textile electrodes for
continuous health monitoring products need to satisfy requirements such as
high conductivity, aesthetics, and comfort, conformal skin—electrode
contact, and biocompatibility. Although previous research on the area of
textile-based electrodes overcame several problems associated with
wearable biopotential monitoring devices, the comfort of the monitored
person and ECG signal quality is still not at a satisfactory level.

Mostly, textile electrodes are prone to motion artifacts due to higher contact
impedance and the absence of conformal contact, which is why they have
not yet achieved acceptance for clinical standard use. The current review
showed that there are still a lot of challenges to be resolved for textile
electrodes and wearable smart textiles to become more applicable in real-life
situations and also become accepted by patients and other users as a reliable,
multifunctional, easy-to-use, and minimally obtrusive technology that can

increase their quality of life.
Auctores Publishing LLC — Volume 6(6)-141 www.auctoresonline.org
ISSN: 2692-9759

Copy rights@ N. Gokarneshan,

References

1.

10.

11.

12.

13.

14.

15.

Tao, X.S(2001). Smart technology for textiles and clothing-
Introduction and overview. In Smart Fibres, Fabrics and
Clothing; Woodhead Publishing: Cambridge, UK, pp. 1-6.
ISBN 0849311721.

Koncar, V. (2016). Introduction to smart textiles and their
applications. In Smart Textiles and Their Applications; Koncar,
V., Ed.; Woodhead Publishing: Cambridge, UK, pp. 1-8. ISBN
978-0-08-100583-5.

Stoppa, M.; Chiolerio, A. (2014). Wearable Electronics and
Smart Textiles: A Critical Review. Sensors 14, 11957-11992.
Lee, Y.-D.; Chung, W.-Y. (2009). Wireless Sensor Network
Based Wearable Smart Shirt for Ubiquitous Health and Activity
Monitoring. Sens. Actuators B Chem., 140, 390-395.

Wang, Y.; Deepu, C.J.; Lian, Y. (2011). A Computationally
Efficient QRS Detection Algorithm for Wearable ECG Sensors.
In Proceedings of the Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, EMBS,
Boston, MA, USA, 30, August—-3 September pp. 5641-5644.
Das, S.C.; Chowdhury, N. (2014). Smart Textiles—New
Possibilities in Textile Engineering. IOSR J. Polym. Text. Eng.
1,1-3.

Sun, F.; Yi, C.; Li, W.; Li, Y. A (2017). Wearable H-Shirt for
Exercise ECG Monitoring and Individual Lactate Threshold
Computing. Comput. Ind. 92, 1-11.

Patel, S.; Park, H.; Bonato, P.; Chan, L.; Rodgers, M. A (2012).
Review of Wearable Sensors and Systems with Application in
Rehabilitation. J. Neuroeng. Rehabil. 9, 1-17.

Drean, E.; Schacher, L.; Adolphe, D.; Bauer, F. (2008). Smart
Textiles for Automotive: Application to Airbag Development.
Exp. Tech. 32, 44-48.

Scataglini, S.; Andreoni, G.; Gallant, J. (2018). Smart Clothing
Design Issues in Military Applications. In Proceedings of the
International Conference on Applied Human Factors and
Ergonomics; Springer: New York, NY, USA, pp. 158-168.
Pani, D.; Achilli, A.; Bonfiglio, A. (2018). Survey on Textile
Electrode Technologies for Electrocardiographic (ECG)
Monitoring, from Metal Wires to Polymers. Adv. Mater.
Technol. 3, 1800008.

Murphy, M.A.; Bergquist, F.; Hagstrom, B.; Hernandez, N.;
Johansson, D.; Ohlsson, F.; et al. (2019). Malmgren, K. An
Upper Body Garment with Integrated Sensors for People with
Neurological Disorders—Early Development and Evaluation.
BMC Biomed. Eng. 3, 1-13.

Pola, T.; Vanhala, J. (2007). Textile Electrodes in ECG
Measurement. In Proceedings of the IEEE 2007 3rd International
Conference on Intelligent Sensors, Sensor Networks and
Information, Melbourne, Australia, pp. 635-639.

Lofhede, J.; Seoane, F.; Thordstein, M. (2012). Textile
Electrodes for EEG Recording—A Pilot Study. Sensors 16907—
16919.

Shafti, A.; Manero, R.B.R.; Borg, A.M.; Althoefer, K.; Howard,
M.J. (2016). Designing Embroidered Electrodes for Wearable
Surface Electromyography. In Proceedings of the IEEE
International Conference on Robotics and Automation (ICRA),
Stockholm, Sweden, 16-21

Page 4 of 7



Cardiology Research and Reports

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sibinski, M.; Jakubowska, M.; Sloma, M. (2010). Flexible
Temperature Sensors on Fibers. Sensors 7934—-7946.

Min, S.D.; Yun, Y.; Shin, H. (2014). Simplified Structural
Textile Respiration Sensor Based on Capacitive Pressure
Sensing Method. IEEE Sens. J. 14, 3245-3251.

Paradiso, R.; Loriga, G.; Taccini, N.; Gemignani, A,
Ghelarducci, B. (2005). A Wearable Healthcare System: New
Frontier on e-Textile. J. Telecommun. Inf. Technol. 4, 105-113.
Salvo, P.; Di Francesco, F.; Costanzo, D.; Ferrari, C.; Trivella,
M.G.; et al. (2010). A Wearable Sensor for Measuring Sweat
Rate. IEEE Sens. J. 1557-1558.

Lee, J.W.; Yun, K.S. (2017). ECG Monitoring Garment Using
Conductive Carbon Paste for Reduced Motion Artifacts.
Polymers 9, 439.

Ramasamy, S.; Balan, A. (2018). Wearable Sensors for ECG
Measurement: A Review. Sens. Rev. 38, 412-419.

Penhaker, M.; Polomik, J.; Kubicek, J.; Kasik, V. (2017).
Biopotential Conducting Polymer Electrodes Design and
Realization for ECG Measurement. In Proceedings of the 10th
International Joint Conference on Biomedical Engineering
Systems and Technologies (BIOSTEC 2017), Porto, Portugal,
21-23 pp. 134-141.

Takamatsu, S.; Lonjaret, T.; Crisp, D.; Badier, J. (2015). Direct
Patterning of Organic Conductors on Knitted Textiles for Long-
Term Electrocardiography. Nat. Publ. Group 1-7.

Ankhili, A.; Tao, X.; Cochrane, C.; Coulon, D.; Koncar, V.
(2018). Washable and Reliable Textile Electrodes Embedded
into Underwear Fabric for Electrocardiography (ECG)
Monitoring. Materials 11, 256.

Lou, C.; Li, R.; Li, Z.; Liang, T.; Wei, Z.; et al. (2016). Flexible
Graphene Electrodes for Prolonged Dynamic ECG Monitoring.
Sensors 16, 1833.

Nemati, E.; Deen, M.J.; Mondal, T. (2012). A Wireless
Wearable ECG Sensor for Long-Term Applications. IEEE
Commun. Mag. 50, 36-43.

Neuman, M.R. (2010). Biopotential electrodes. In Medical
Instrumentation Application and Design; Webster, J.G., Ed.;
John Wiley & Sons: Hoboken, NJ, USA, pp. 126-215.
Weinhaus, A.J.; Kenneth, P. (2005). Roberts Anatomy of the
Human Heart. In Handbook of Cardiac Anatomy, Physiology,
and Devices; laizzo, P.A., Ed.; Humana Press Inc.: Totowa, NJ,
USA, pp. 51-79. ISBN 9788578110796.

Taji, B.; Shirmohammadi, S.; Groza, V.; Bolic, M. (2013). An
ECG Monitoring System Using Conductive Fabric. In
Proceedings of the 2013 IEEE International Symposium on
Medical Measurements and Applications (MeMeA), Gatineau,
QC, Canada, 4-5 pp. 309-314.

Fleury, A.; Sugar, M.; Chau, T.; Bloorview, H.; Rehabilitation,
K.; et al. (2015).Textiles in Clinical Rehabilitation: A Scoping
Review. Electronics, 4, 173-203.

De Capua, C.; Meduri, A.; Morello, R. (2010).A Smart ECG
Measurement  System Based on Web-Service-Oriented
Architecture for Telemedicine Applications. IEEE Trans.
Instrum. Meas. 59, 2530-2538.

Hadjem, M.; Salem, O.; Nait-Abdesselam, F. (2014).An ECG
Monitoring System for Prediction of Cardiac Anomalies Using
WBAN. In Proceedings of the 2014 IEEE 16th International

Auctores Publishing LLC — Volume 6(6)-141 www.auctoresonline.org
ISSN: 2692-9759

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Copy rights@ N. Gokarneshan,

Conference on e-Health Networking, Applications and Services
(Healthcom), Natal, Brazil, 15-18 pp. 441-446.

Yu, Y.; Zhang, J.; Liu, J. (2013). Biomedical Implementation of
Liquid Metal Ink as Drawable ECG Electrode and Skin Circuit.
PLoS ONE 8, e0058771.

Ribeiro, D.M.D.; Fu, L.S.; Carl6s, L.A.D.; Cunha, J.P.S.
(2011).A Novel Dry Active Biosignal Electrode Based on an
Hybrid Organic- Inorganic Interface Material. IEEE Sens. J.
2241-2245.

Dupre, A.; Sarah Vincent, S.; Paul, A.(2005). laizzo Basic ECG
theory, Recordings, and interpretation. In Handbook of Cardiac
Anatomy, Physiology, and Devices; Humana Press: Totowa, NJ,
USA, ISBN 978-1-59259-835-9.

Gonzales, L.; Walker, K.; Keller, K.; Beckman, D.; Goodell, H.;
et al. (2015). Textile Sensor System for Electrocardiogram
Monitoring. In Proceedings of the IEEE Virtual Conference on
Applications of Commercial Sensors (VCACS), Raleigh, NC,
USA, 15 pp. 5-8.

Beckmann, L. (2010). Characterization of Textile Electrodes and
Conductors Using Standardized Measurement Setups. Physiol.
Meas. 31, 233-247.

Taji, B. (2013). Reconstruction of ECG Signals Acquired with
Conductive Textile Electrodes; University of Ottawa: Ottawa,
ON, Canada,

Yapici, M.K.; Alkhidir, T.E. (2017). Intelligent Medical
Garments with Graphene-Functionalized Smart-Cloth ECG
Sensors. Sensors 17, 875.

Khairuddin, A.M.; Ku Azir, K.N.F.; Eh Kan, P.(2018). Design
and Development of Intelligent Electrodes for Future Digital
Health Monitoring: A Review. IOP Conf. Ser. Mater. Sci. Eng.
318.

Xu, PJ.; Zhang, H.; Tao, X.M. (2008). Textile-Structured
Electrodes for Electrocardiogram. Text. Prog. 40, 183-213.
Abu-Saude, M.; Morshed, B.l. (2018). Characterization of a
Novel Polypyrrole (PPy) Conductive Polymer Coated Patterned
Vertical CNT (PVCNT) Dry ECG Electrode. Chemosensors 6,
27.

Miao, F.; Cheng, Y.; He, Y.; He, Q.; Li, Y. (2015). A Wearable
Context-Aware ECG Monitoring System Integrated with Built-
in Kinematic Sensors of the Smartphone. Sensors, 11465-
11484,

Kumar, N.M.; Thilagavathi, G. (2018). Design and Development
of Textile Electrodes for EEG Measurement Using Copper
Plated Polyester Fabrics. J.Text. Appar. Technol. Manag. 8, 1-
8.

Merritt, C.R.; Nagle, H.T.; Grant, E.; Member, S. (2009). Fabric-
Based Active Electrode Design and Fabrication for Health
Monitoring Clothing. IEEE Trans. Inf. Technol. Biomed. 13,
274-280.

Meziane, N.; Webster, J.G.; Attari, M.; Nimunkar, A.J.(2013).
Dry Electrodes for Electrocardiography. Physiol. Meas. 34,
R47-R69.

Albulbul, A. (2016). Evaluating Major Electrode Types for Idle
Biological Signal Measurements for Modern Medical
Technology. Bioengineering 3, 20.

Liu, Y.; Li, X.; Lu, J.C. (2013). Electrically Conductive Poly (3,
4-Ethylenedioxythiophene)—Polystyrene Sulfonic

Page 5 of 7



Cardiology Research and Reports

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Acid/Polyacrylonitrile Composite Fibers Prepared by Wet
Spinning. J. Appl. Polym. Sci. 370-374.

Jung, H.C.; Moon, J.H.; Baek, D.H.; Lee, J.H.; Choi, Y.Y; etal.
(2012). CNT/PDMS Composite Flexible Dry Electrodes for
Long-Term ECG Monitoring. IEEE Trans. Biomed. Eng. 59,
1472-1479.

Chen, Y.H.; de Op Beeck, M.; Vanderheyden, L.; Carrette, E.;
Mihajlovi” ¢, V.; et al. (2014). Soft, Comfortable Polymer Dry
Electrodes for High Quality ECG and EEG Recording. Sensors
23758-23780.

Chen, W.; Oetomo, S.B.; Feijs, L.; Bouwstra, S.(2010). Design
of an Integrated Sensor Platform for Vital Sign Monitoring of
Newborn Infants at Neonatal Intensive Care Unit. J. Healthc.
Eng. 535-554.

Lage, J.; Catarino, A.; Carvalho, H.; Rocha, (2015). A. Smart
Shirt with Embedded Vital Sign and Moisture Sensing. In
Proceedings of the 1st International Conference on Smart
Portable, Wearable, Implantable and Disability-Oriented
Devices and Systems, Brussels, Belgium, 21-26 pp. 25-30.
Song, H.Y.; Lee, J.H.; Kang, D.; Cho, H.; Cho, H.S; et al.
(2010). Textile Electrodes of Jacquard Woven Fabrics for
Biosignal Measurement. J. Text. Inst. 101, 758-770.

Pragya, A.; Singh, H.; Kumar, B.; Gupta, H.; Shankar, P. (2020).
Designing and Investigation of Braided-Cum-Woven Structure
for Wearable Heating Textile Designing and Investigation of
Braided-Cum-Woven Structure for Wearable Heating Textile.
Eng. Res. Express 2, 015003.

Liu, Y.; Zhao, X.; Tuo, X. (2017). Preparation of Polypyrrole
Coated Cotton Conductive Fabrics. J. Text. Inst. 5000.

Kazani, I.; Hertleer, C.; de Mey, G.; Schwarz, A.; Guxho, G.; et
al. (2012). Electrical Conductive Textiles Obtained by Screen
Printing. Fibres Text. East. Eur. 90, 57-63.

Shateri-khalilabad, M.; Yazdanshenas, M.E.; Etemadifar, A.
(2017). Fabricating Multifunctional Silver Nanoparticles-
Coated Cotton Fabric. Arab. J. Chem. 10, 2355-2362.

Tseghai, G.B.; Mengistie, D.A.; Malengier, B.; Fante, K.A,;
Langenhove, L.v. (2020). PEDOT: PSS-Based Conductive
Textiles and Their Applications. Sensors 20, 1881.

Vojtech, L.; Bortel, R.; Neruda, M.; Kozak, M. (2013). Wearable
Textile Electrodes for ECG Measurement. Adv. Electr. Electron.
Eng., 11, 410-414.

Das, P.S.; Kim, J.W.; Park, J.Y. (2019). Fashionable Wrist Band
Using Highly Conductive Fabric for Electrocardiogram Signal
Monitoring. J. Ind. Text. 49, 243-261.

Linz, T.; Gourmelon, L.; Langereis, G. (2007). Contactless EMG
Sensors Embroidered onto Textile. In Proceedings of the 4th
International Workshop on Wearable and Implantable Body
Sensor Networks (BSN 2007); Leonhardt, S., Falck, T.,
Méhonen, P., Eds.; Springer: Berlin/Heidelberg, Germany,
Volume 13, pp. 29-34.

Pantelopoulos, A.; Bourbakis, N.G. (2010). A Survey
OnWearable Sensor-Based Systems for Health Monitoring and
Prognosis. IEEE Trans. Syst. Man Cybern. Appl. Rev. 40, 1-12.
Yapici, M.K.; Alkhidir, T.; Samad, Y.A.; Liao, K. (2015).
Graphene-Clad Textile Electrodes for Electrocardiogram
Monitoring. Sens. Actuators B Chem. 221, 1469-1474.

Auctores Publishing LLC — Volume 6(6)-141 www.auctoresonline.org
ISSN: 2692-9759

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Copy rights@ N. Gokarneshan,

Sun, Y.; Yu, X. (2016). Capacitive Biopotential Measurement
for Electrophysiological Signal Acquisition: A Review. IEEE
Sens. J. 16, 2832-2853.

Chamadiya, B.; Mankodiya, K.; Wagner, M.; Hofmann, U.G.
(2013). Textile-Based, Contactless ECG Monitoring for Non-
ICU Clinical Settings. J. Ambient. Intell. Humaniz. Comput. 4,
791-800.

Kim S., Leonhardt S., Zimmermann N., Kranen P., Kensche D.,
et al. (2008). Influence of Contact Pressure and Moisture on the
Signal Quality of a Newly Developed Textile ECG Sensor Shirt;
Proceedings of the 2008 5th International Summer School and
Symposium on Medical Devices and Biosensors; Hong Kong,
China. 1-3 June pp. 256-259.

Verheyen T., Decloedt A., Clercq D.D., Deprez P., Sys S.U., et
al. (2010). Electrocardiography in Horses—Part 1: How to Make
a Good Recording. VIaams Diergeneeskd. Tijdschr. 7:331-336.
Taji B., Chan A.D.C., Shirmohammadi S. (2018). Effect of
Pressure on Skin-Electrode Impedance in Wearable Biomedical
Measurement Devices. IEEE Trans. Instrum. Meas. 67:1900—
1912.

ani D., Dessi A., Saenz-Cogollo J.F., Barabino G., Fraboni B., et
al.(2016). Fully Textile, PEDOT:PSS Based Electrodes for
Wearable ECG Monitoring Systems. IEEE Trans. Biomed. Eng.
63:540-549.

Pani D., Dessi A., Gusai E., Saenz-Cogollo J.F., Barabino G., et
al. (2015). Evaluation of Novel Textile Electrodes for ECG
Signals Monitoring Based on PEDOT:PSS-Treated Woven
Fabrics; Proceedings of the IEEE 2015 37th Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC); Milan, Italy. 25-29 pp. 3197—
3200.

Castrillon R., Pérez J.J., Andrade-Caicedo H. (2018). Electrical
Performance of PEDOT: PSS-Based Textile Electrodes for
Wearable ECG Monitoring: A Comparative Study. Bio Med.
Eng. Online. 17:1-23.

Kim S., Leonhardt S., Zimmermann N., Kranen P., Kensche D.,
et al. (2008). Influence of Contact Pressure and Moisture on the
Signal Quality of a Newly Developed Textile ECG Sensor Shirt;
Proceedings of the 2008 5th International Summer School and
Symposium on Medical Devices and Biosensors; Hong Kong,
China. 1-3 pp. 256-259.

Weder M., Hegemann D., Amberg M., Hess M., Boesel L.F., et
al. (2015). Embroidered Electrode with Silver/Titanium Coating
for Long-Term ECG Monitoring. Sensors. 15:1750-1759.
Fontana P., Rebeca N., Camenzind M., Boesch M., Baty F., et
al. (2019). Applicability of a Textile ECG-Belt for Unattended
Sleep Apnoea Monitoring in a Home Setting. Sensors. 19:3367.
Yoo J., Yoo H.(2011).Fabric Circuit Board-Based Dry Electrode
and Its Characteristics for Long-Term Physiological Signal
Recording; Proceedings of the 2011 Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society; Boston, MA, USA. pp. 2497-2500.

Taji B., Shirmohammadi S., Groza V. (2014). Measuring Skin-
Electrode Impedance Variation of Conductive Textile
Electrodes under Pressure; Proceedings of the 2014 IEEE
International Instrumentation and Measurement Technology
Conference (I2MTC) Proceedings; Montevideo, Uruguay. 12—
15.

Page 6 of 7



Cardiology Research and Reports

77.
78.
79.

80.

81.

This work is licensed under Creative
BY Commons Attribution 4.0 License
To Submit Your Article Click Here:

DO1:10.31579/2692-9759/141

Xiao X., Pirbhulal S., Dong K., Wu W., Mei X.(2017).
Performance Evaluation of Plain Weave and Honeycomb Weave
Electrodes for Human ECG Monitoring. J. Sens. 1-13.

Tetsuou Y., Miwa T., Hiroshige T., Yasuhiro M., Yodogawa K.
(2019). Validation of Wearable Textile Electrodes for ECG
Monitoring. Heart Vessel. 34:1203-1211.

Abreha Bayrau Nigusse, Desalegn Alemu Mengistie, Benny
Malengier, Granch Berhe Tseghai, and Lieva Van Langenhove,
Sensors (Basel). (2021).21(12): 4174.

N.Gokarneshan et. al., (2015). Emerging research trends in
medical textiles, Springer Nature,

N.Gokarneshan et.al.,(2022). Textiles in medical applications,
Abhishek publications,

82.

83.

84.

85.

Copy rights@ N. Gokarneshan,

Gokarneshan N, Velumani K. (2018).A Review of Some Recent
Breakthroughs in Medical Textiles Research. Curr Trends
Fashion Technol Textile Eng. 2(3): 555588.

N.Gokarneshan, (2018).Some significant trends in health care
textiles. Int J Fam Commun Med. 2(3):130-132.
N.Gokarneshan, Textiles for cardiac care, July 2020 In book:
TEXTILES HISTORY, PROPERTIES AND PERFORMANCE
AND APPLICATIONS, Chapter: 18 Publisher: Nova Science
Publishers, Inc.

N.Gokarneshan,(2022). Role of textile materials for
cardiovascular implants, Cardio 2022 world conference.

Submit Manuscript

YVVVYVYYVY

reports

Ready to submit your research? Choose Auctores and benefit from:

fast, convenient online submission

rigorous peer review by experienced research in your field
rapid publication on acceptance

authors retain copyrights

unique DOI for all articles

immediate, unrestricted online access

At Auctores, research is always in progress.

Learn more https://www.auctoresonline.org/journals/cardiology-research-and-

Auctores Publishing LLC — Volume 6(6)-141 www.auctoresonline.org
ISSN: 2692-9759

Page 7 of 7


file:///C:/C/Users/web/AppData/Local/Adobe/InDesign/Version%2010.0/en_US/Caches/InDesign%20ClipboardScrap1.pdf
https://auctoresonline.org/submit-manuscript?e=77
https://www.auctoresonline.org/journals/cardiology-research-and-reports
https://www.auctoresonline.org/journals/cardiology-research-and-reports

