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A B S T R A C T   

Wearable health sensing devices are crucial and the development of multi-sensing textiles for non-invasive and 
continuous long-term biosignal monitoring is of primary interest. Nowadays, different wearable sensors are 
available but they usually lack comfort for continuous use during normal daily life activities. In this study, new 
graphene-based flexible dry electrodes are investigated to overcome the limitations of the currently available 
electrodes. Briefly, they are realized through casting PVDF (polyvinylidene fluoride)/GNP (graphene nano-
platelets) nanocomposite over commercial textiles. These electrodes are soft and flexible and adhere more easily 
to the skin. In terms of performance, the PVDF/GNP electrodes show lower impedance per unit area compared to 
commercial ones, hence they can be employed for biosignal detection. In particular, the developed electrodes are 
used for electrocardiogram (ECG) signal monitoring. The recorded ECG signal-to-noise ratio (SNR) reached up to 
40 dB and all necessary ECG signal features and intervals are clearly distinguishable. Furthermore, the essential 
ECG signal intervals on each cadiac cycle show very small variations in time. Finally, the superhydrophobic 
property allows the electrodes to be used repeatedly after washing. As a final note, the developed dry PVDF/GNP 
electrodes provide reusability, biocompatibility, good skin-electrode contact, and no signs of skin irritation.   

1. Introduction 

Cardiovascular diseases (CVDs) are one of the major reasons of death 
globally: every year an estimated 32% of people die due to heart-related 
diseases [1]. Therefore, continuous and real-time monitoring of heart 
activity of patients with chronic CVDs would enable the recognition of 
symptoms and alerts for such diseases. However, the growing healthcare 
cost due to population aging made it very difficult to provide observa-
tions of chronic diseases over long periods. It is a challenge for engineers 
and doctors to develop improved monitoring technology, superior to 
available methods in terms of cost-effectiveness, reliability, and porta-
bility. Thankfully, the recent progress in wearable technology and 
telecommunication made it practical to monitor health conditions 
remotely, regardless of a patient’s activity and location [2–6]. 

One of the most common ways of noninvasive diagnosis of 
arrhythmia, hypertension, and other heart-related abnormalities is the 
Electrocardiogram (ECG), i-e., the electrical activity of the heart plotted 
in a voltage versus time graph [7,8]. Generally, a noninvasive method of 

acquiring ECG is performed by placing two or more biopotential elec-
trodes on the surface of the skin (usually on the chest) of the subject. 
Typically, gelled silver/silver chloride (Ag/AgCl) electrodes are used for 
recording biopotential signals like ECG, electroencephalogram (EEG), 
electromyogram (EMG), etc. The gelled Ag/AgCl electrodes contain 
conductive Potassium chloride (KCl) electrolyte that performs the 
transduction of ion current to electron current into the circuit and has 
very low skin-electrodes impedance [9]. Nevertheless, long-term use of 
conductive gel on the skin undergoes significant drawbacks as it dries 
out over time, thus increasing the skin-electrode impedance [10]. This 
fact has a significant disadvantage on the quality of the recorded signal 
as it results in a poor signal-to-noise ratio (SNR). In addition, the 
extended use of gelled electrodes generally causes skin irritation and 
itchiness [11]. 

Over the past years, research in the development of dry biopotential 
electrodes has shown favorable results and could be used for a reliable 
measurement of biopotential signals, as a replacement for gelled elec-
trodes. Dry electrodes construct a completely different interface with the 
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skin than gelled ones, thereby, being categorized as polarized and non- 
polarized electrodes. The first ones are characterized by charge sepa-
ration between the electrode-electrolyte interface, hence, they have an 
absence of direct current hereby often called capacitive electrodes [12]. 
Whereas, non-polarized electrodes have no ideal separation of charges, 
hence, they have a direct current flow between the interface hereby they 
are often called conductive electrodes. Research in the past has shown 
certain advantages of conductive electrodes over capacitive ones in 
long-term wearable applications because the latter electrodes are highly 
sensitive to motion artifacts since charge distribution between 
electrode-skin interface changes notably under motion [13]. Moreover, 
polarized electrodes generally experience higher attenuation in low 
frequencies which results in low SNR and baseline fluctuations in bio-
potential measurement [14]. Also in polarized electrodes, the reduction 
of high skin-electrode impedance requires large electrode dimensions 
which makes it incompatible with wearable applications. 

Many different dry conductive electrodes have been presented 
recently [15–17]. For instance, Zahed et al. [15] investigated flexible 
dry electrodes using a biocompatible polymer 
polyethylene-dioxythiophene: polystyrene-sulfonate (PEDOT: PSS) 
spray-coated on laser-induced graphene (LIG) of 10 mm diameter elec-
trode. Chlaihawia et al. [16] developed dry electrodes by printing silver 
flake ink over polyethylene terephthalate substrate and later deposited 
multi-walled carbon nanotube/polydimethylsiloxane (MWCNT/PDMS) 
composite using bar coating, as conductive polymer. Yokus et al. [17] 
designed flexible dry electrodes by screen printing Ag/AgCl conductive 
ink on Vista-Maxx propylene-based elastomeric meltblown flexible 
nonwoven fabric in three different sizes 10, 20, and 30 mm diameter. 

All these dry electrodes, although very effective, require an extensive 
manufacturing process and result in relatively higher impedance 
compared to frequently used commercial Ag/AgCl electrodes. Further-
more, the electrodes presented in the aforementioned papers are pre-
pared on relatively rigid substrates and thus prone to motion artifacts. In 
addition, it is harder to place rigid electrodes on certain positions of the 
body due to their lack of flexibility resulting in a variation of the skin- 
electrode contact area and in some cases skin irritation along with 

itchiness [18]. 
Based on the above-mentioned considerations, the use of fabrics as 

substrates would provide better skin-electrode contact and comfort 
especially when long monitoring periods are required. Thus, the use of 
electrodes over fabrics overcomes the downsides of the electrodes dis-
cussed earlier. A good deal of textile fabrics woven, non-woven and 
yarns, either using conductive material or non-conductive materials 
coated with conductive polymers, have been studied to be used as bio-
potential electrodes [19–21]. These studies showed the possibility of 
using textile fabrics as ECG electrodes in wearable applications with 
several advantages in terms of flexibility, reusability, and washability. 

In this work, flexible graphene coated fabrics working as dry bio-
potential electrodes are investigated. Briefly, they are realized through 
casting graphene based nanocomposites over commercial textiles. 
Graphene-based nanostructures are selected here as nanofillers due to 
their electrical and mechanical properties [22]. Their electromobility 
[23], thermal conductivity [24], and young’s modulus [25] make 
graphene-based nanocomposites suitable for wearable, flexible, and 
high-sensitive transducers for electrical and optical applications [26, 
27]. Therefore, graphene nanoplatelets (GNPs), short stacks of graphene 
sheets with an overall thickness of around ten nanometers, are mixed 
with polyvinylidene fluoride (PVDF) as the polymer matrix and coated 
over a fabric. The PVDF fluoropolymer has high resistance against sol-
vents, a low density of 1.68 g/cm3 [28] and leads the coating to be 
superhydrophobic [29]. Hence, allowing the coated fabric to be washed 
repeatedly without losing its properties, and stand effective in situations 
like skin perspiration when used as biopotential electrodes [30,31]. 
Additionally, the preparation of this composite is straightforward and 
cheap leading them to be desirable for large-scale production. 

Here, PVDF/GNP composites are cast over a commercial fabric with 
two different GNP concentrations and shaped into biopotential elec-
trodes to record ECG signals through in vivo experimentation. At first, 
the produced electrodes are electrically characterized in terms of elec-
trical conductivity and sheet resistance. Then, the graphene coating 
morphology is assessed via scanning electron microscopy (SEM). In 
addition, to get a preliminary indicator of their resistance to washing 

Fig. 1. (a) commercial graphite intercalation compound (GIC) (b) GIC expansion via high-temperature thermal shock method; (c) warm expanded graphite (d): 
dissolving PVDF (e) ultrasonic processor (f): coating mold on textile (g) curing sensor on textile (h) electrode shaping using Cricut®. 
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cycles, the wettability of the coated textiles is assessed through water 
contact angle (CA) measurements. Moreover, GNPs possess character-
istics that make them effective in filtering airborne pathogens, due to 
their antimicrobial and antiviral properties. Later, the skin-electrode 
impedance spectrum is measured by placing a pair of electrodes on 
the wrist. Finally, the ECG signals are measured by attaching one or 
more pairs of electrodes to an elastic belt strapped around the chest of 
the test subject. The ECG measurement results of each electrode are 
compared to the commercial wet Ag/AgCl and dry ECG best electrodes 
in terms of ECG signal features, ECG key interval variations, and SNR. 

2. Materials and methods 

2.1. Material preparation 

At first, warm expanded graphite (WEG) is obtained through high- 
temperature thermal expansion of graphite intercalation compound 
(GIC), as described in [32]. The PVDF is then dissolved in an appropriate 
solvent at 65 ◦C by stirring the mixture with a magnetic stirrer. Using an 
ultrasonic processor, WEG is incorporated into the PVDF solution. Thus, 
a homogeneous suspension of GNPs is obtained in a solution of 
PVDF-Dimethylformamide (DMF) [33]. The GNP weight concentration 
with respect to the PVDF amount is 10% wt. and 13% wt. The 
PVDF/GNP mixture is subsequently cast onto a commercial polyester 
textile and quickly heated in an oven, as summarized in Fig. 1. 

Fig. 2. (a) Electrodes in ECG chest belt taken as reference for square-shaped and rectangular-shaped PVDF/GNP electrodes (b) Disposable Ag/AgCl electrodes taken 
as reference for circular-shaped PVDF/GNP electrodes. 

Table 1 
PVDF/GNP coated samples dimensions and contact area.  

Graphene coated fabric 
electrodes 

Dimensions [mm] Contact 
Area 
[mm2]  

Length Width Diameter  

T1-Circular 
T2-Circular 

– – 24 mm 4.52 

T1-Square 
T2-Square 

25 mm 25 mm – 5.75 

T1-Rectangular 
T2- Rectangular 

60 mm 25 mm – 15.71  

Fig. 3. Sheet resistance measurement setup using four-wire probe method.  

Fig. 4. (a) Skin-electrode interface and electrical equivalent circuit of wet Ag/AgCl electrode (b) skin-electrode interface and electrical equivalent circuit of dry 
PVDF/GNP flexible electrode (c) simplified first order RC equivalent time-constant model of skin (d) skin-electrode impedance measurement setup consisting of two 
electrodes attached to the inner forearm using elastic Velcro straps and an LCR meter (e) total impedance using a two-electrode impedance measurement scheme. 
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Finally, two different graphene-based coatings loaded with 10% wt. 
and 13% wt. of GNPs are deposited over the fabric substrate obtaining 
coated textiles named T1, and T2 respectively. In order to compare 
PVDF/GNP electrodes with commercial ones, textiles T1 and T2 are 
shaped identically to the dimensions of commercially available elec-
trodes using Cricut®, a computer controller smart fabric cutter. As 
reference, two commercial electrodes are selected, i-e., a commercial 
wearable ECG chest strap, consisting of 2 pairs of rectangular and 
rounded-rectangular dry electrodes and a disposable Ag/AgCl wet 
electrode. As a result, the subsequent PVDF/GNP electrodes prepared 
are shown in Fig. 2(a) and (b). As shown in Table 1, these are designated 

Fig. 5. (a) ECG measurement setup using pair of electrodes placed on the chest held steady with an elastic strap along with signal recording instruments (b) 
Illustration of normal ECG signal sinus rhythm and each segment labeled separately. 

Fig. 6. (a) XRPD spectra of GNPs, PVDF coating and PVDF/GNP coating filled at 13% wt. (b) SEM image: surface of graphene coated textile (c) Contact angle 
measurements performed on uncoated and PVDF/GNP coated fabrics, performed during water droplet release and after 30 min. 

Table 2 
GNP concentrations, thicknesses, DC Electrical conductivity and Sheet resistance 
of PVDF/GNP coated textiles.  

Textile Sample GNP concentration [%wt.] T [μm] R□ [Ω/□] σeff [S/m] 

T1 13 64 791 19 
T2 10 60 804 21  

Fig. 7. Skin-electrode impedance spectrum magnitude of the dry electrode of PVDF/GNP electrodes compared to commercial chest belt ranging from 20 Hz to 100 
kHz (b) skin-electrode impedance at 20 Hz for each electrode. 
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here as Tx-Square, Tx-Rectangular, and, Tx-Circular with x equal to 1 or 
2 depending on the employed textile sample (T1 or T2) and active 
contact area of 15.71 cm2, 5.75 cm2, and 4.52 cm2 respectively. For each 
PVDF/GNP electrode, an extra space of 5 mm width on the top and 
bottom is included, besides the active skin-contact area, as a contact pad 
for electrical connections. 

To attach electrical wires to the electrodes, the contact pad of the 
PVDF/GNP electrode is coated with air-drying silver paint Taab Elec-
trodag 915. After coating, the sample is left in the open air for 30 mins to 
dry out the paint. Later, a wire is attached to the silver-painted contact 
pad using CircuitWorks conductive epoxy CW2460 and cured in the 
oven at 60 ◦C for 60 min to ensure a strong mechanical bond along with 

good electrical conductivity. Table 1 also reports the contact area of the 
PVDF/GNP electrodes. 

2.2. Morphological, chemical, and physical characterization 

The morphology of PVDF/GNP coatings is analyzed using a Zeiss 
Auriga high-resolution SEM available at the Sapienza Nanotechnology 
and Nanoscience Laboratory (SNN-Lab) of Sapienza University of Rome. 
The composite samples are fractured in liquid nitrogen and coated with 
~20 nm-Cr using a Quorumtech Q150T sputter coater, in order to pre-
vent charging. 

Then, in order to assess the crystal structure of PVDF, X-ray power 
diffraction (XRPD) analysis is performed and XRPD data are collected 
with a Bruker AXS D8 Advance equipment operating in θ/θ geometry in 
transmission mode. The instrument is fitted with incident beam focusing 
Göbel mirrors and a PSD VÅntec-1D. PVDF/GNP coatings are gently 
ground in an agate mortar to produce a powder that is loaded in a 0.7 
mm diameter SiO2-glass capillary. Then, capillaries are mounted on 
standard goniometer heads and aligned along the beam-path. The 
angular range 2θ is set from 5◦ up to 90◦, being 0.022◦ the 2θ step size 
and 2 s the counting time. The aim is to verify the presence of β-phase in 
the PVDF/GNP composite since this composite structure is associated 
with improved electrical and mechanical [33]. 

Finally, hydrophobicity is assessed through the measurement of 
water contact angles (CAs). Such measurements are carried out by using 

Table 3 
Electrode RC equivalent model parameters from impedance measurements.  

Electrodes Types RC equivalent model parameters 

Rp (kΩ) Cp (nF) Rs (Ω) 

Ag/AgCl 72.00 29.90 328 
ECG Belt 36.70 10.00 8890 
T1-Rectangular 15.70 101.00 170 
T2- Rectangular 18.20 71.60 188 
T1-Square 37.70 31.60 324 
T2-Square 37.70 36.70 300 
T1-Circular 63.20 5.58 879 
T2-Circular 95.90 6.05 883  

Fig. 8. Comparison of ECG signal of PVDF/GNP electrodes to the commercial ECG belt and identification of the ECG signal features in each case.  
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an optical CA meter available at SNN-Lab and casting ~2 μl water 
droplets on the coating surface. 

2.3. Electrical characterization 

2.3.1. DC electrical characterization 
The electrical characterization is performed by first measuring the 

sheet resistance R□ of the produced square-shaped samples before 
reshaping them as the desired electrodes. To avoid errors introduced by 
the additional resistance of the leads and clips, a four-wire (Kelvin) 
probe method is preferred [34]. This type of measurement requires a 
separate programmable current source (ammeter) and a voltmeter. 

As shown in Fig. 3, the sample is sourced with current using Keithley 
6221 AC/DC generator and the resultant voltage drop is recorded using 
a Keithley 2182 nano-voltmeter, while both instruments are managed by 
a Keithley USB to GPIB adaptor and custom-designed software interface 
in LabVIEW. 

Finally, the electrical conductivity σ for each sample is estimated as: 

σ =
1

R□ t
(1)  

where t is the sample thickness. 

2.3.2. Skin-electrode impedance 
Each electrode, dry or wet, set up a unique electrolyte-electrode 

interface with the skin based on its surface morphology. This contact 
is characterized as skin-electrode impedance and plays an important role 
in measuring biopotential signal quality since lower skin-electrode 
impedance eventually results a better signal quality [16]. The 
skin-electrode interface can be modeled mathematically as an equiva-
lent RC circuit model [8,35–37]. Wet electrodes and dry electrodes, due 
to their different surface contact mechanism, establish a completely 
different interface with the skin. A wet electrode can be characterized as 
a typical electrode-electrolyte interface using a half-cell voltage and 
parallel RC equivalent element for gel and epidermis (stratum corneum) 
as shown in Fig. 4(a), whereas, in a dry electrode the skin-electrode 
contact is not uniform due to the absence of conductive gel and the 
presence of air or sweat between electrode and skin, so rather it can be 
characterized as a sum of multiple parallel RC equivalent elements as 
shown in Fig. 4(b). The overall electrical behavior of the skin-electrode 
can be simplified to a first-order RC time constant model [35] (Fig. 4(c)) 
consisting of a series resistance Rs and a parallel RC element with 
resistance Rp and capacitance Cp. Consequently, the skin-electrode 
impedance in frequency domain of each electrode can be written as: 

ZELE(jω) = Rs +
Rp

1 + jωRpCp
(2)  

where ω is the angular frequency and j is the imaginary unit. 
The values of parameters Rp and Cp are specified by ANSI/AAMI and 

ENI standards. They are equal to 0.62 MΩ and 4.7 nF respectively. Then, 

Fig. 9. Comparison of ECG signal of PVDF/GNP electrodes to the commercial Ag/AgCl electrodes and identification of the ECG signal features in each case.  

B. Ali et al.                                                                                                                                                                                                                                       



Sensors and Actuators Reports 5 (2023) 100161

7

the skin-electrode impedance along with the electrode impedance shall 
not attenuate the signal more than 20% of the specified value [38,39]. 

Several different skin-electrode contact methods are used in [40–43] 
all employing one, two, or three electrodes in contact with the skin. In 
the following, the skin-electrode impedance measurement is performed 
by using two electrodes placed on the inner forearm 5 cm apart from 
each other as depicted in Fig. 4(d). Elastic Velcro straps are used to hold 
firmly the electrodes in contact with the skin. Keysight E4980AL Pre-
cision LCR meter with a four-wire probe is used to record the impedance 
spectrum within the frequency range from 20 Hz to 100 kHz. Each 
measurement is taken after placing the electrodes on the skin for 3 min 
to properly rest the electrode and avoid any variation in the 
measurement. 

Since in this measurement two electrodes are used, the overall 
impedance magnitude ZTotal(jω) comprises the impedance of the first 
electrode ZELE1(jω), the body Zbody(jω), and the second electrode 
ZELE2(jω) as shown in Fig. 4(e). It can be expressed as: 

|ZTotal(jω)| =
⃒
⃒2 × ZELE(jω)+Zbody(jω)

⃒
⃒ (3) 

Considering the body impedance can be neglected compared to the 
electrode impedance, the ZTotal(jω) can be expressed as: 

|ZTotal(jω)| ≈ |2 × ZELE(jω)| (4)  

2.3.3. ECG electrode measurement 
Generally, a heart is represented by a dipole [44], and during cardiac 

depolarization, the electrical activity of the heart can be monitored by 
placing two or more electrodes on several different anatomical spots on Fig. 10. Comparison of electrodes types and measurement setup based on SNR.  

Fig. 11. Histogram and distribution fit of RR, PR, and QRS interval of 60‑sec measurement of 4-electrode measurements.  
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the patient’s body (most commonly the chest or wrists). In this regard, 
the produced graphene-based textile electrodes are used to monitor the 
ECG signals of a healthy patient and the obtained data are compared 
with the ECG measurement taken using commercial electrodes. 

As shown in Fig. 5(a), the ECG measurement setup consists of 
Stanford Research Systems Low noise preamplifier MODEL SR560. This 
device has two major cons, that is, (i) it incorporates a differential signal 
amplification mode with a gain set here at 500, as well as (ii) signal 
filtration using a bandpass filter set here at a lower and upper cutoff 
frequency of 0.03 Hz and 30 Hz respectively. The output signal of the 
pre-amplifier is digitized at 10 kSPS by a multifunction National In-
strument NI-USB-6001 data acquisition system interfaced with NI- 
DAQmx LabView. 

Hence, a single-lead ECG measurement is obtained with one or more 
pairs of electrodes attached to an elastic belt, and the belt is wrapped 
around the chest of the test subject to hold the electrodes underneath 
firmly. A 3 M Red Dot electrode is placed under the chest as ground. The 
measurements are taken at room temperature without preparing the 
skin i.e. without applying gel or other conductive substances or water 
drops. Each measurement is taken for one minute on the same subject 
and the electrode’s position on the body was kept identical to achieve 
comparable results. Since the ECG measurements are non-identical to 
different subjects and environmental conditions, all the measurements 
are taken on the same day and on the same subject along with keeping 
the conditions consistent. 

The ECG signal features and morphology play an important role in 
the assessment of asymmetries in heart activity, which leads to the 
diagnosis of different heart-related diseases. A normal ECG rhythm is 

divided into different segments for better distinction, i-e P, Q, R, S, T, 
and U, as shown in Fig. 5(b), reporting a typical ECG signal rhythm of a 
healthy heart. Therefore, clear identification of each segment in the ECG 
signal measurement is necessary. The P-wave is generated due to atrial 
depolarization and the duration is in the range of ~100 ms. The depo-
larization of the ventricles causes the QRS-interval and its duration is 
normally less than ~100 ms. The T-wave represents the repolarization of 
ventricles and it is round in shape. Finally, the U-wave follows the T- 
wave and, in some cases, is not recorded so its absence is acceptable 
[45]. 

To investigate the effect of the contact area and the GNP concen-
tration variation, several measurements are recorded and their charac-
teristics are compared based on two suitable figures of merit. (i) The 
SNR, defined as the ratio between the signal peak and noise standard 
deviation, and (ii) the Vp-p, defined as the maximum amplitude of the 
acquired signal. 

3. Results and discussion 

3.1. Morphology 

The crystal structure of GNPs, PVDF, and PVDF/GNP coatings are 
studied through XRPD analysis and the results are reported in Fig. 6(a) 
considering a diffraction angle 2θ ranging between 20◦ and 50◦ It is 
noticed that GNPs have one crystal peak at 2θ = 26.6◦ while the prin-
cipal crystalline peaks of neat PVDF films are observed for 2θ = 17.76◦, 
18.42◦, 20.00◦, 25.69◦, 26.68◦ and they correspond to α-phase peaks 
[46]. Then, comparing the crystalline peaks of neat PVDF and of 

Fig. 12. Histogram and distribution fit of RR, PR, and QRS interval of 60‑sec measurement of 2-electrode measurements.  

B. Ali et al.                                                                                                                                                                                                                                       



Sensors and Actuators Reports 5 (2023) 100161

9

PVDF/GNP coatings filled with 9% wt. of GNPs, it appears that α-phase 
PVDF crystal peaks change when GNPs are added in the PVDF polymer 
matrix. In fact, the intensity peaks related to α-phase sharply reduce or 
became broad. Moreover, the α-phase peak at 2θ = 17.76◦ almost dis-
appears, and the critical α-phase crystal peak is shifted from 2θ = 20◦ to 
2θ = 20.7◦ and converts wide broad peak. All these changes indicate the 
transformation from α-phase into β-phase due to the nucleation effect of 
GNPs on polymer crystal phases, improving coating electrical properties 
[46]. Furthermore, the presence of GNPs in PVDF/GNP coatings is 
evident from the peak at 2θ = 26.8◦, indicating the GNP crystal 
structure. 

The SEM images of a graphene based sensor is depicted in Fig. 6(b). 
At first, the image clearly depicts the coated and uncoated portions of 
the textile. Then, it is evident that the graphene coating is uniformly 
distributed on the surface of the selected commercial fabrics and GNPs 
are uniformly and homogeneously distributed. 

Finally, the wettability properties of the uncoated and of the PVDF/ 
GNP coated fabrics are assessed through the measurement of the contact 
angle (CA). In particular, the CA measurements are performed during 
the water droplet release and after 30 min, on both the uncoated and 
coated fabrics. As shown in Fig. 6(c) the CAs on the uncoated fabric is 
equal to 93◦± 3◦ and decreases up to 51◦± 3◦ after 30 min. On the other 
hand, the CA of coated fabric increases noticeably, reaching values as 
high as 159◦± 3◦ during water droplet release and remain quite constant 
over time, being equal to 153◦± 3◦ after 30 min. Thus, we conclude that 
uncoated fabric is hydrophilic while the graphene coated fabric is hy-
drophobic and its hydrophobicity does not change over time. Further-
more, the enhanced hydrophobic and antimicrobial characteristics of 
graphene-coated electrodes could be beneficial in sustaining their effi-
ciency over longer durations without compromising their response [5]. 

3.2. Electrical characterization 

Research in the past has shown that graphene based polymer coat-
ings are highly electrically conductive [31] and therefore tend to be 
suitable to be used as biopotential electrodes. The produced samples T1 
and T2 are electrically characterized using the experimental setup 
described in Section 2.3.1 by evaluating their sheet resistance R□ and 
extracting their effective electrical conductivity σ by means of Eq. (1) 
and the results are reported in Table 2. 

As expected, the GNP filler concentration significantly affects the DC 
electrical conductivity of the fabric-coated samples. Consequently, a 
higher concentration of GNPs filler leads to higher conductivity, that is, 
it increases from 18 S/m to 21 S/m for 10% wt. and 13% wt., 
respectively. 

3.3. Skin electrode impedance 

Skin-electrode impedance measurements are made utilizing the 
experimental setup described in Section 2.3.2. 

The electrode impedance spectrum (EIS) results are shown in Fig. 7 
(a) taken from PVDF/GNP coated electrodes with different GNP con-
centrations and sizes identified in Table 1. Considering that the skin- 
electrode impedance may be affected by the applied pressure from the 
elastic strap, the pressure is carefully kept homogenous for every 
measurement. 

To authenticate the monotonicity of the achieved results, each 
measurement is repeated several times on the same day and the mean of 
those measurements is reported here. It is observed that the behavior of 
the electrodes is nearly unchanged during those repeated measure-
ments. Moreover, regardless of keeping the electrode attached to the 
skin for a long period, no irritation or abnormal skin reaction is noted on 
the surface of the skin beneath the PVDF/GNP electrode. 

In all the measurements, the commercial electrodes show higher 
skin-electrode impedances (98.32 Ω for Ag/AgCl electrodes and 80.48 Ω 
for commercial chest belt at starting frequency 20 Hz) compared to the 

GNP dry electrodes except for the T1-Circular and T2-Circular elec-
trodes. The circular electrodes, due to their only concentrated small 
electrical contact on the bottom establish larger electrical resistance for 
the current to follow, unlike other electrodes where the electrical con-
tact is spread across a larger area of the electrode. Therefore, the Cir-
cular electrodes although have a relatively similar skin contact area to 
Rectangular electrodes, result in larger skin-electrode impedance. 

Moreover, the sample T1-Rectangular indicates the least impedance 
magnitude of 26 kΩ at 20 Hz, which is 377% less than the Ag/AgCl 
electrode and 308% less than the commercial chest belt. The impedance 
magnitude obtained from the samples T2-Rectangular, T1- Square, and 
T2- Square ar 30.77 Ω, 62.74 Ω, and 66.12 Ω at 20 Hz frequency 
respectively as shown in Fig. 7(b). 

It is noticed from the results that the electrode contact area with the 
skin significantly influences the skin-electrode impedance. The larger 
the skin contact area of the electrode, the lower the impedance. Pre-
sumably, the skin-electrode impedances from PVDF/GNP electrodes 
showed significantly lower values at the same frequencies compared to 
the dry electrodes presented in [15,16], and [17]. 

In addition, the response of dry electrodes in the presence of skin 
perspiration is also investigated. For that matter, a NaCl solution is 
prepared to replicate the effect of sweat. One droplet (precisely 20 µl 
volume) of the solution is transported on the surface of each dry elec-
trode using a pipette before placing the electrode on the skin. It is 
observed that the presence of sweat between the skin and the electrode 
introduces noteworthy improvement in the skin-electrode impedance 
magnitude. The skin-electrode impedance decreases in the presence of 
sweat. This means that skin perspiration can be profitable in GNP dry 
electrodes’ performance. 

As discussed earlier in Section 2.3.2, the skin-electrode interface is 
modeled as a simplified first-order RC time constant equivalent circuit. A 
program for the minimum root-mean-square error method is written to 
evaluate the estimated model parameters Rs, Cp, and Rp from the elec-
trode impedance measurement results as indicated in Fig. 4(c). The 
estimated model parameter values for each type of electrode are given in 
Table 3. 

3.4. ECG measurement 

The measurements are taken by placing the electrode in two different 
arrangements, the 2-Electrode method, and the 4-Electrode method, 
replicating the commercial chest belt arrangement and commercial Ag/ 
AgCl electrode arrangement to achieve comparable results. In the 4- 
Electrode arrangement, both Rectangular and Squared electrode pairs 
are attached identical to the belt, whereas, in the 2-Electrode arrange-
ment, the Circular electrodes are attached as shown in Fig. 8(a) and 
Fig. 9(a) respectively. The measurement results for electrode types T1 
and T2 compared to respective commercial electrodes are shown in 
Fig. 8 and Fig. 9(b), (c), and (d). It is evident from the results that the 
ECG signal sinus rhythm is similar to the expected shape as illustrated 
earlier in Fig. 5(b) along with that all vital features of ECG signals are 
clearly visible in the measurements of the developed electrodes. In 
addition to that, the ECG signal morphology is much more compre-
hensible and cleaner compared to respective commercial electrodes. 

To evaluate SNR, the following Eq. (4) is applied on a 60 s ECG 
measurement. 

SNR = 20log10

(
Vpp

2σn

)

(4)  

where Vpp is taken from the QRS complex amplitude and the σn from the 
segment between T and P where the signal is isoelectric generally. 

Fig. 10 shows that the SNR values of all the developed electrodes are 
higher than the respective commercial electrodes. The sample T1 in the 
4-Electrode arrangement exhibits the highest SNR value of 41.7 dB as 
expected due to the fact that the sample T1 possesses the lowest skin- 
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electrode impedance which results in a higher peak-to-peak voltage and 
lower noise in the recorded ECG signal. The samples T2 also show 
comparable SNR values of 38.98 dB to the commercial belt SNR value of 
38.07 in the 4-Electrode method. Furthermore, the T1-Circular and T2- 
Circular electrodes also show higher SNR, 36.89 and 33.80, compared to 
Ag/AgCl electrodes, which is 28.82, even though the skin-electrode 
contact impedance of these electrodes is higher. It is because the 
fabric-based developed electrodes are much more flexible and adhere 
better to the skin under the presence of the belt as opposed to Ag/AgCl 
electrodes, which are attached to the skin by their self-adhesive gel. 

ECG signal features and their intervals play an important role in 
diagnosing cardiac diseases. The RR-interval, PR-interval, and QRS- 
interval are the most characteristic intervals in clinical practices, for 
instance, the assessment of PR and QRS intervals provide information 
about the atrioventricular and ventricular conduction, respectively [47]. 
To investigate the variation of these crucial ECG intervals, extraction of 
the ECG signal features is required. In this regard, an open-source signal 
processing toolkit “BioSigKit” [48] is used in MATLAB. 

Identification of ECG signal features and distribution fit of the above- 
mentioned intervals is summarized in Fig. 11 and Fig. 12 delivering a 
side-by-side comparison of developed and commercial electrodes. Both 
the PVDF/GNP electrodes, T1 and T2, show lower distribution spread: 
around the mean compared to the commercial ECG belt and Ag/AgCl 
electrodes whereas sample T1 show the least distribution spread among 
all three cases. The developed electrodes in both cases show lower 
spread around the mean and hence shall be acceptable for the accurate 
measurements of RR-interval, PR-interval, and QRS interval analysis. 

4. Conclusion 

In this work, novel graphene-based wearable dry electrodes for high- 
quality and continuous biosignal detection are presented. These elec-
trodes are produced by casting conductive GNP nanofillers mixed with 
PVDF onto a flexible textile substrate. The resulting coated fabrics show 
very low skin-electrode impedance, which is an important factor in 
stable and high-quality ECG signal acquisition. The ECG signal mea-
surements are compared with different commercial electrodes and, 
consequently, the developed electrodes show better SNR and ECG signal 
morphology. Moreover, the ECG signal feature extraction is performed 
and it is observed that all essential ECG signal features are clearly 
identified and the detected RR, PR, and QRS intervals show very small 
variations over time. Conclusively, the PVDF/GNP coated electrodes 
perform better than commercially available gelled electrodes and other 
dry electrodes recently presented in the literature. The quality of the 
detected ECG signal allows clear identification of the most important 
ECG signal features making them suitable for the detection of abnor-
malities in the heart activities. 
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