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Abstract: Long-term electrocardiography (ECG) monitoring can scrutinize human health, which is very essential for the early 
detection and treatment of cardiovascular disorders. For present, commercially used silver/silver chloride (Ag/AgCl) electrodes 
have drawbacks, and these would be more obvious in long-term monitoring. Therefore, people are developing new types of 
electrodes for ECG from different perspectives. At present, innovations are made: 1) Applying conductive thread into sewing to 
make textile electrodes for wearable ECG monitoring. 2) New material (Graphite Based Electrode) replacing the conventionally 
used Ag/AgCl. 
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1. Introduction 
The cardiovascular diseases are the main prevalent and severe 

life-threatening health issues in the world and the major foundation 
and reason of death for the people in the ages between 44 and 64 [1–
2]. Electrocardiogram (ECG) has a remarkable significance in all 
bio-signals from human body, containing consequential information 
about the individual heart and performance [3]. It is a standard 
process in cardiac medical care and also a main investigated element 
for people with cardiovascular diseases [4-5]. In the life-saving 
circumstances, an early recognition of pathological symptoms could 
significantly improve the healing rate of disease [6–8]. Therefore, 
wearable ECG monitoring could be necessary for specific group of 
people.  

To date, the most common utilized electrodes for ECG is Ag/AgCl 
electrodes, because of its low and stable half-cell potential. However, 
Ag/AgCl electrodes cannot directly applied on human skin, due to a 
dry dielectric coat on the external layer known as “stratum corneum”, 
which would lead to a transporting reduction from ions to electrons. 
Therefore, a conductive gel is required to moisturize the skin 
external layer, conducting cardiac microcurrent to the monitoring 
circuit. However, it is likely that may be gel residues on skin, which 
will cause a short circuit of the electrodes. Nevertheless, this gel-
coating process is kind of difficult to handle, bringing difficulties in 
production. Another shortcoming of Ag/AgCl electrodes is its short 
service time, which is fatal in long-term monitoring, limiting the 
monitoring condition in daily routine [9-10]. Additionally, since the 
skin preparation is required in ECG measurement using Ag/AgCl 
electrodes, which would lead to an abrasion to the external skin 
layers. There is likelihood that causing uncomfortableness even pain 
to the users who habitually use Ag/AgCl electrodes in ECG during 
the skin preparation for attaching electrodes. And it could be 
accounting for infection or allergy. Moreover, with the reproduction 
of the skin stratum corneum cells, the quality of signal would be 
degraded over time. Furthermore, Ag/AgCl electrodes are not 
reusable and the recycling process would also require time and extra 
efforts, increasing the cost to use (CTU). 

Solutions are provided to handle the problems that is stated above 
based on textile electrodes, which can assemble different conductive 
materials within flexible and variable patterns [11–13]. On this basis, 

Young-Jin Cha et al. [14] introduce and compare Plain Weave and 
Honeycomb Weave ECG electrodes with different contents of 
conductive yarns in ECG acquisition.  Thap, Tharoeun et al. [15] 
introduce graphite-based electrodes for ECG monitoring that can 
be applied in freshwater- and saltwater-immersion without 
movement conditions, suggesting that it has bright prospects in new 
research area concerning underwater vital sign monitoring 
(including sea water). Similarly, Lee, Eugene et al. [16] explore the 
potential of AgNW/PU used in electrodes. 

In this paper, I am making probes into the possibility of applying  
textile electrodes and the electrode with innovative materials, the 
graphite based electrode. 

2. The Feasibility of Tixtile ECG 
Electrodes 

It is necessary to state the feasibility of textile ECG 
electrodes. The first to concern about is the fidelity. Only with 
enough fidelity can ECG monitor the voltages generated by 
heart. Otherwise, the signal of ECG would be meaningless. 
Then we should focus on the duration of the wearable 
electrodes. For it is used in daily routine, we should consider 
the effect from real life. In this part, duration would be tested 
with stretch, bend and wash. 

2.1. Fidelity Test 
The first research is aim to test a sewn textile electrode 

fidelity, compared to the conventionally used Ag/AgCl 
electrode. During the comparison, three hypotheses are set: (1) 
average R-R interval will be the same between both 
electrodes, (2) average HR will be the same between both 
electrodes.  (3) average comfort will be the same between 
both electrodes.  Although R-R interval and HR are using 
the different calculation, both of them are relying on the 
accurate detection of the R peak. While HR is measured after 
each beat. 

The following figure show the textile electrodes from 
previous study. 
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Table 1. This table presents flexible electrode studies found in the literature. 

 

 
Those with an “N/A” value under durability do not list any 

stretch, bend, or wash testing results. The studies above the 
divider use conductive threads and yarns, while those below 
it use conductive pastes, inks, and particles. Note that none of 
these studies conducted comfort tests. 

The study shown above are convincing that the textile 
electrodes have the fidelity no less than the commercially 
used Ag/AgCl electrodes. 

2.2. Duration Test 
The performance of the wearable electrodes would be 

tested in situation like stretching, bending and washing. The 
duration would be assessed be the electrical resistance change 
of the electrodes. 
B.1.Material 

In this test, a set of three sewn of electrodes are developed 
to support 3-lead ECG data collection. For reference, the 
traditionally used electrodes consist of a silver/silver-chloride 
disk mounted on an adhesive patch with conductive gel 
underneath to enhance the connection with skin. For textile 
electrodes, the silver thread consists of a standard nylon 
thread with silver nanoparticles on the external. The silver 
thread is two-stranded, which are separately coated. The 
textile electrodes are stitched in the overlapping zig zags onto 
an inextensible fabric clothing, with the use of a sewing 
machine (CS5055PRW, Brother). The conductive area of the 
electrodes is a 3x3 square, as it is shown in figure 1. The 
sizing of the electrodes is introduced from the paper of Yokus 
and Jur [17].  

 

 
Figure 1. (a) Sewn electrode stitch design; (b) Design of fabric protective cover and snap connector;(c) Stitched electrode; 

(d) Complete electrode with protective cover and snap connector 
 

 
The overlapping wiring path increase the conductive 

pathway in the electrodes, lowering the electrical resistance. 
With measurement from a standard multimeter, the 
conventional silver/silver-chloride electrodes have an 
electrical resistance of 2.0 Ω, while the textile electrodes have 
a much smaller electrical resistance of 0.3 Ω. Electrical 
resistance is an important parameter for electrodes, indicating 
the ability of the electrodes to obtain the relatively small 
voltages, which is produced by human body and going 
through the external skin layers. The low electrical resistance 
of textile electrodes shows the potential in daily use, allowing 

ECG monitoring to run without applying conductive gel to 
moisture the skin [18]. At the back of each electrode, a 
conductive snap is applied, serving as the connection point 
between the sensing area and the BIOPAC system connector 
clips. To be clarify, the electrical resistance is measured from 
the clip to the edge of the electrode. 

The electrodes are not stretchy themselves, and they are 
applied to stretchy fabric in order to simulate the tight-fitting 
clothing condition, which could keep contact with skin, 
during the test. 
B.2.Stretching Testing 
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The test would measure the electrical resistance of 
electrodes in different extents: 0% stretch (control), 12.5% 
stretch and 25% stretch. The electrodes would be tested in 
four directions across the electrode for each stretch case: 

vertical (along the stitch direction), horizontal (perpendicular 
to the stitch direction), corner to corner diagonally, and the 
opposite corner to corner. Each measurement was repeated 
three times.  

 

 
Figure 2. Stretch testing results for each of the three electrodes with error bars representing one standard deviation. 

Resistance change between stretch levels for all three electrodes is within the standard deviation of the three measurements 
taken, so there is no observable change 

 
B.3.Bending Testing 
The bending testing is conducted with three different bend 

angles: 180◦ (control), 135◦, and 90◦. Each of three electrodes 

were tested at all three bend angles in the vertical and 
horizontal directions (parallel or perpendicular to the stitch 
direction) three times each. 

 

 
Figure 3. Vertical measurements are the filled circles, and horizontal measurements are the open circles. Many of the 

measurements returned the exact same results, so not all data points have visible standard deviations 
 

B.4.Washing Testing 
Washing testing included washing and drying phases, 

simulating the condition in washing machine. The hypotheses 
of this test are set as: one month of ECG monitoring with 
textile electrodes, with ECG garment worn four times per 
week. Assuming that garment will be washed twice each week, 
eight times in total in a month. The electrodes were washed 

with a regular-sized of laundry using commercially available 
liquid detergent with a normal wash cycle type. The 
electrodes were hang-dried over a two-hour period indoors. 
The electrical resistance of each electrode was measured 
before the first wash cycle and subsequently after each 
complete cycle. 

 

 
Figure 4. Resistance change after each wash cycle for a separate set of three electrodes 
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2.3. Conclusion 
The textile electrodes show the capability to produce 

accurate data that is enough for ECG measurement, but also 
showing the good durability in stretching, bending and 
washing, since there are no significant changes in electrical 
resistance of sensing unit in the period of stretching and 
bending testing and minimal changes in washing testing. This 
is an encouraging result showing the feasibility of the 
development of wearable ECG monitoring. 

3. Graphite-based Electrode 
Based on various clinical needs, much effort has been made 

to make ECG monitoring to be more available as “anywhere-
anytime” [19-28]. To extend the limited monitoring 
environments, graphite-based electrodes are developed to 
enable the ECG monitoring to work in the water-submerged 
condition. 

Graphite is an allotrope of carbon, which is completely 
made of pure carbon. The detailed properties and 
characteristics of graphite have been specifically described in 
other works [29-31]. Here, the graphite pencil lead (GPL) 
would be evaluated for ECG under freshwater and saltwater 
circumstances. The electrodes are evaluated in seven different 
conditions: dry condition, freshwater immersion with/without 
movement condition, post-freshwater condition (i.e., 
freshwater wet condition), saltwater immersion with/without 
movement condition, and post-saltwater condition (i.e., 
saltwater wet condition). 

3.1. Fabrication of GPL Electrodes 
In the pre-experiment, the GPL is cut and placed on the 

metal cap. Holding them altogether with duct tape as it is 
shown in Figure 5a. Connecting the GPL with the PowerLab 
8/35 and DualBioAmps FE135 (ADInstrument, Sydney, 
Australia). Contiguously placed for a standard 1-channel 
ECG monitor with sampling rate of 1 kHz and low pass filter 
cutoff frequency at 50 Hz. The signal output is shown in 
Figure5b. With this evidence, two types of GPL electrodes are 
fabricated: pencil lead solid type (PLS) and pencil lead 
powder type (PLP). 

 

 

Figure 5. Pre-experiment for testing the usability of a 
graphite pencil lead electrode. (a) GPL on the metal cap; (b) 

Resultant output signal 
 
A.1. Fabrication of Pencil Lead Solid-Type (PLS) 

Electrode 
The material is from the 4B pencil.  
(1) The pencil leads are cut into pieces as shown in Figure 

6a. 
(2) The cut leads were flattened to form a rounded rectangle 

cross-sectional shape as shown in Figure 6b. 
(3) The flattened pencil leads are arranged parallelly with 

the metal cap, which is placed on the top. Attaching the cap 
and leads to each other by using an ethyl cyanoacrylate bond. 
The surface is perfectly attached and conducted without bond 
infiltration as shown in Figure 6c. The bond is applied again 
around the metal cap. Placing a piece of paper on it to support 
the pencil leads and the cap. 

(4) Circularly trimmed the edge. The face and the back 
view of the PLS electrode are shown in Figure 6d. 

 

 
Figure 6. (a) Pencil leads; (b) Flattened pencil leads; (c). 

Each metal cap and lead are attached using a bond and then 
supported with a piece of paper; and (d) Pencil lead solid-

type electrode 
 
A.2 Fabrication of Pencil Lead Powder-Type (PLP) 

Electrode 
The 4B pencil leads were used as raw materials as the. same 

as the PLS type. 
(1) The pencil leads were grinded into powder as shown in 

Figure 7a 
(2) Mixing the pencil lead powder with chloroprene-rubber 

based bond, pouring it into a piece of cylindrical acrylic tube 
within an electrical wire being placed at the bottom as shown 
in Figure 7b 

(3) Sanding the surface of the electrode to made it smooth 
and flat. 

(4) Applying the hot melted glue to support the wire on the 
backside. As it is shown in Figure 7c 

 

 
Figure 7. a) Pencil lead grinding powder; (b) small. piece 
of. acrylic tube within electrical wire being placed at the 

bottom; and (c) pencil lead powder-type electrode. 

3.2. Assessement Preparation 
B.1 Testing electrodes 
To evaluate the performance, the PLS electrodes and the 

PLP electrodes are made in the pattern of round with a 
diameter of 10mm and the 1mm of thickness in order to 
compare with the commercially applied Ag/AgCl electrodes 
(3M health care). All these electrodes are shown in Figure 7. 
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Figure 7. Three types of electrodes being used to perform 
the experiment: (a) commercial Ag/AgCl electrodes; (b) 

pencil lead powder-type electrodes; and (c) pencil lead solid-
type electrodes. 

 

B.2 Signal processing 
The PowerLab 8/35 and DualBioAmps FE135. 

(ADInstrument) were simultaneously used to acquire ECG 
signals from the subjects. The ECG signals are recorded and 
displayed by using the LabChart software (Ver. 7.3.7 
Profeesional). The sampling rate is selected as 1kHz with low 
pass filter, with which the cutoff frequency at 50Hz for the 
frequency content of a QRS complex. [32-35] 

3.3. Assessment 
The ECG signals would be compared as follows: 

(Experiment-I) Ag/AgCl electrodes vs. PLS electrodes, and 
(Experiment-II) Ag/AgCl electrodes vs. PLP electrodes. Each 
experiment is performed under two conditions: freshwater 
and saltwater. When all the experiments under freshwater 
condition are completed, the pool will be washed and refilled 
with 400 liters of clean water mixed with 14 kg of coarse salt 
in order to make salt concentration similar to seawater (i.e., 
on average 35 g/kg) [36]. The assessment is as shown in Table 
2. 

 
Table 2. Experimental protocol 

 

 

The steps of the experiment are as follows (shown in Figure 
8): 

(1) Five minutes in a sitting position outside the pool (the 
dry condition 

(2) Five-minute relaxation (lying position) inside the water 
pool (the immersion condition without movement). 

(3) Three-minute side-to-side moving condition inside the 
water pool (the immersion condition with movement). 

(4) Five minutes in the standing position outside the water 
pool (the wet condition). 

The pool water temperature was 20.50±66661.30 ℃; room 
temperature, 25 ℃; and the outdoor temperature, 4.0±1.0 ℃. 
During the 5-min dry condition (Step 1), the subjects were 

asked to remain relaxed in the sitting position outside the pool; 
the electrodes at this point were completely dry. Step 1 is 
similar to a regular ECG measurement in a clinical 
environment. During the 5-min water-immersed condition 
(Step 2), the subjects were asked to immerse in the water pool, 
with water coming up to their neck so that all electrodes were 
fully immersed. Subsequently, the subjects were asked to 
perform side-to-side turning movements with the speed about 
2 turns per second for 3 min (Step 3). Finally, the subjects 
were asked to exit the pool and remain relaxed in the standing 
position with the wet electrodes still applied to their skin for 
5 min (Step 4).  

 

 
Figure 8. Experimental protocol for electrocardiogram data acquisition: (a) dry condition; immersed condition (b) without 

movement, and (c) Side-to-side movement; and (d) wet condition. 
 

3.4. Signals 
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Figure 9 (Experiment I—Pencil lead solid-type (PLS) electrode compared with Ag/AgCl electrode) Example of 

electrocardiogram (ECG) signals for each experimental condition: (a) dry condition; freshwater immersed condition: (b) 
without movement; and (c) with movement; and (d) freshwater wet condition. ECG signals acquired with Ag/AgCl (blue line) 

and PLS electro 
des (red line). 

 
From figure 9, it is shown that the PLS electrodes are 

capable to provide all the morphological components of ECG 
signals. In all conditions, especially in freshwater immersion 

(with/without movement), the PLS electrodes provide signals 
with higher quality than the one from Ag/AgCl electrodes. 

 
 

 
Figure 10 (Experiment II—Pencil lead powder-type (PLP) electrode compared with Ag/AgCl Example of electrocardiogram 

(ECG) signals for each experimental condition: (a) dry condition; freshwater immersed condition (b) without movement; and 
(c) with movement; and (d) freshwater wet condition. ECG signals acquired with Ag/AgCl (blue line) and PLP electrodes (red 

line). 
 
 

From Figure 10, it is shown that the PLP electrodes are also 
capable to provide all the morphological components of ECG 
signals. Similar to PLS, the PLS electrodes provide signals 
with higher quality than the one from Ag/AgCl electrodes in 
all conditions, especially in freshwater immersion 

(with/without movement). 

3.5. Conclusion 
From the result, the PLS and the PLP electrodes have the 

capability to provide all morphological components that 
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Ag/AgCl electrodes provide. And the PLS and PLP electrodes 
have a nice performance in water-submerged condition. It is 
encouraging that the signals provided by PLS and PLP under 
the condition of freshwater- and saltwater-immersion without 
movement still have the enough quality for readability of the 
signals. This shows a promising prospect for ECG monitoring 
in underwater condition. 

Acknowledgment 
This paper is to make probes into new types of ECG 

electrodes 

References 
[1] F. Miao, Y. Cheng, Y. He, Q. He, and Y. Li, “A wearable 

context-aware ECG monitoring system integrated with built-in 
kinematic sensors of the smartphone,” Sensors, vol. 15, no. 5, 
pp. 11465–11484, 2015.   

[2] S. Song, M. Rooijakkers, P. Harpe et al., “A low-voltage 
chopper-stabilized amplifier for fetal ECG monitoring with a 
1.41 power efficiency factor,” IEEE Transactions on 
Biomedical Circuits and Systems, vol. 9, no. 2, pp. 237–247, 
2015. 

[3] B. Taji, S. Shirmohammadi, V. Groza, and I. Batkin, “Impact 
of skin-electrode interface on electrocardiogram measurements 
using conductive textile electrodes,” IEEE Transactions on 
Instrumentation and Measurement, vol. 63, no. 6, pp. 1412–
1422, 2014. 

[4] B.-S. Lin, A. M. Wong, and K. C. Tseng, “Community-based 
ecg monitoring system for patients with cardiovascular 
diseases,” Journal of Medical Systems, vol. 40, no. 4, article no. 
80, pp. 1–12, 2016. 

[5] L. Loreto, T. Andrea, D. Lucia, L. Carla, P. Cristina, and R. 
Silvio, “Accuracy of EASI 12-lead ECGs in monitoring ST-
segment and J-point by nurses in the Coronary Care 
Units,” Journal of Clinical Nursing, vol. 25, no. 9-10, pp. 
1282–1291, 2016. 

[6] R. Pan, D. Chua, J. S. Pathmasuntharam, and Y. P. Xu, “An 
opportunistic relay protocol with dynamic scheduling in 
wireless body area sensor network,” IEEE Sensors Journal, vol. 
15, no. 7, pp. 3743–3750, 2015.   

[7] G. Valenza, L. Citi, C. Gentili, A. Lanatá, E. P. Scilingo, and 
R. Barbieri, “Characterization of depressive states in bipolar 
patients using wearable textile technology and instantaneous 
heart rate variability assessment,” IEEE Journal of Biomedical 
and Health Informatics, vol. 19, no. 1, pp. 263–274, 2015.   

[8] Q. Ni, A. B. G. Hernando, and I. P. de la Cruz, “The elderly’s 
independent living in smart homes: a characterization of 
activities and sensing infrastructure survey to facilitate services 
development,” Sensors, vol. 15, no. 5, pp. 11312–11362, 2015. 

[9] A. Karilainen, S. Hansen, and J. Muller, “Dry and capacitive 
electrodes for long-term ECG-monitoring,” in Proceedings of 
8th Annual Workshop on Semiconductor Advances, vol. 2005, 
p. 156. 

[10] T. Kannaian, R. Neelaveni, and G. Thilagavathi, “Design and 
development of embroidered textile electrodes for continuous 
measurement of electrocardiogram signals,” Journal of 
Industrial Textiles, vol. 42, no. 3, pp. 303–318, 2013. 

[11] M. Vega-Barbas, I. Pau, J. Ferreira, E. Lebis, and F. Seoane, 
“Utilizing smart textiles-enabled sensorized toy and playful 
interactions for assessment of psychomotor development on 
children,” Journal of Sensors, vol. 2015, Article ID 898047, 9 
pages, 2015. 

[12] G. M. Paul, F. Cao, R. Torah, K. Yang, S. Beeby, and J. Tudor, 
“A smart textile based facial emg and eog computer 

interface,” IEEE Sensors Journal, vol. 14, no. 2, pp. 393–400, 
2014. 

[13] G. Mattana, T. Kinkeldei, D. Leuenberger et al., “Woven 
temperature and humidity sensors on flexible plastic substrates 
for e-textile applications,” IEEE Sensors Journal, vol. 13, no. 
10, pp. 3901–3909, 2013. 

[14] Cha, Young-Jin, Xiao, Xueliang, Pirbhulal, Sandeep, Dong, Ke, 
Wu, Wanqing, Mei, Xi, “Performance Evaluation of Plain 
Weave and Honeycomb Weave Electrodes for Human ECG 
Monitoring”, Journal of Sensors, 1687-725, 2017 

[15] Thap, Tharoeun ; Yoon, Kwon-Ha ; Lee, Jinseok,” Graphite 
Based Electrode for ECG Monitoring: Evaluation under 
Freshwater and Saltwater Conditions” Sensors (Basel, 
Switzerland), 2016-04-15, Vol.16 (4), p.542 

[16] Lee, Eugene ; Kim, Inhwan ; Liu, Hang ; Cho, Gilsoo, 
“Exploration of AgNW/PU Nanoweb as ECG Textile 
Electrodes and Comparison with Ag/AgCl Electrodes”,  
Fibers and polymers, 2017-09, Vol.18 (9), p.1749-1753 

[17] Yokus, M.A.; Jur, J.S. Fabric-Based Wearable Dry Electrodes 
for Body Surface Biopotential Recording. IEEE Trans. Biomed. 
Eng. 2016, 63, 423–430. doi:10.1109/TBME.2015.2462312.  

[18] Rossi, D.D.; Carpi, F.; Lorussi, F.; Mazzoldi, A.; Paradiso, R.; 
Scilingo, P.; Tognetti, A. Electroactive Fabrics and Wearable 
Biomonitoring Devices. AUTEX Res. J. 2003, 3, 6. 

[19] Mundt, C.W.; Montgomery, K.N.; Udoh, U.E.; Barker, V.N.; 
Thonier, G.C.; Tellier, A.M.; Ricks, R.D.; Darling, R.B.; Cagle, 
Y.D.; Cabrol, N.A.; et al. A multiparameter wearable 
physiologic monitoring system for space and terrestrial 
applications. IEEE Trans. Inf. Technol. Biomed. 2005, 9, 382–
391.  

[20] Tamura, T.; Maeda, Y.; Sekine, M.; Yoshida, M. Wearable 
photoplethysmographic sensors—Past and present. Electronics 
2014, 3, 282–302.  

[21] Jung, H.C.; Moon, J.H.; Baek, D.H.; Lee, J.H.; Choi, Y.Y.; 
Hong, J.S.; Lee, S.H. CNT/PDMS composite flexible dry 
electrodes for long-term ecg monitoring. IEEE Trans. Biomed. 
Eng. 2012, 59, 1472–1479.  

[22] Chi, Y.M.; Jung, T.-P.; Cauwenberghs, G. Dry-contact and 
noncontact biopotential electrodes: Methodological review. 
IEEE Rev. Biomed. Eng. 2010, 3, 106–119.  

[23] Karilainen, A.; Hansen, S.; Müller, J. Dry and Capacitive 
Electrodes for Long-Term Ecg-Monitoring. In Proceedings of 
the Eighth Annual Workshop on Semiconductor Advances for 
Future Electronics, Veldhoven, The Netherlands, 17–18 
November 2005; pp. 155–161.  

[24] Reyes, B.A.; Posada-Quintero, H.F.; Bales, J.R.; Clement, A.L.; 
Pins, G.D.; Swiston, A.; Riistama, J.; Florian, J.P.; Shykoff, B.; 
Qin, M.; et al. Novel electrodes for underwater ECG 
monitoring. IEEE Trans. Biomed. Eng. 2014, 61, 1863–1876.  

[25] Chen, C.-Y.; Chang, C.-L.; Chang, C.-W.; Lai, S.-C.; Chien, 
T.-F.; Huang, H.-Y.; Chiou, J.-C.; Luo, C.-H. A low-power 
bio-potential acquisition system with flexible pdms dry 
electrodes for portable ubiquitous healthcare applications. 
Sensors 2013, 13, 3077–3091.  

[26] Chen, Y.-H.; de Beeck, M.O.; Vanderheyden, L.; Carrette, E.; 
Mihajlovic ,́ V.; Vanstreels, K.; Grundlehner, B.; Gadeyne, S.; 
Boon, P.; van Hoof, C. Soft, comfortable polymer dry 
electrodes for high quality ECG and EEG recording. Sensors 
2014, 14, 23758–23780.  

[27] Weder, M.; Hegemann, D.; Amberg, M.; Hess, M.; Boesel, 
L.F.; Abächerli, R.; Meyer, V.R.; Rossi, R.M. Embroidered 
electrode with silver/titanium coating for long-term ecg 
monitoring. Sensors 2015, 15, 1750–1759.  



 

69 

[28] Fong, E.-M.; Chung, W.-Y. A hygroscopic sensor electrode for 
fast stabilized non-contact ECG signal acquisition. Sensors 
2015, 15, 19237–19250.  

[29] Pierson, H.O. Handbook of Carbon, Graphite, Diamonds and 
Fullerenes: Processing, Properties and Applications; Noyes 
Publications: Park Ridge, NJ, USA, 1993. 

[30] Sheppard, R.; Mathes, D.; Bray, D. Properties and 
Characteristics of Graphite; Poco Graphite, Inc.: Decatur, TX, 
USA, 2001. 

[31] Kariuki, J.; Ervin, E.; Olafson, C. Development of a novel, low-
cost, disposable wooden pencil graphite electrode for use in the 
determination of antioxidants and other biological compounds. 
Sensors 2015, 15, 18887–18900. 

[32] Afonso, V.X.; Tompkins, W.J.; Nguyen, T.Q.; Luo, S. ECG 
beat detection using filter banks. IEEE Trans.Biomed. Eng. 
1999, 46, 192–202. 

[33] Pan, J.; Tompkins, W.J. A real-time QRS detection algorithm. 
IEEE Trans. Biomed. Eng. 1985, 230–236. 

[34] Prasad, S.T.; Varadarajan, S. Analysis of ecg using filter bank 
approach. Int. J. Eng. Res. Appl. 2014, 4,186–190. 

[35] Cyrill, D.; McNames, J.; Aboy, M. Adaptive Comb Filters for 
Quasiperiodic Physiologic Signals. In Proceedings of the 25th 
Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society, Cancún, Mexico, 17–21 
September 2003; pp. 2439–2442. 

[36] Sharqawy, M.H.; Lienhard, J.H.; Zubair, S.M. Thermophysical 
properties of seawater: A review of existing correlations and 
data. Desalt. Water Treat. 2010, 16, 354–380. 

 


