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Abstract
Electrode-skin impedance is strongly influencing the quality of 
electrocardiograms (ECG) signals. Lower impedance results in 
stronger signals as well as less noise disturbance. In this study, we 
determine contact impedance between the skin and a flexible textile 
electrode based on a modified poly (3,4-ethylenedioxythiophene)
:poly (styrenesulfonate) (PEDOT:PSS) coating, developed in our 
laboratory. Cotton knitted fabrics were used to test the measurement 
technique. For each measurement, a pair of same electrodes 
in terms of size was used. To obtain a better understanding of 
the obtained impedance results, the contact impedance was 
simulated by an electronic model and hence electrode circuit model 
components were calculated. In order to realize a comparative 
study, conventional medical electrodes silver/silver chlorides (Ag/
AgCl) were also assessed. The measurement technique can be 
applied to any other type of electrode in contact with a skin.
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noise in ECG signal similar to motion artifacts and therefore leads to 
misinterpretation of the signal with serious consequences. 

The properties of electrode-skin interface are similar to the 
interface of an electrode in electrolyte solution. As shown in Figure 
1, the skin consists of a high impedance stratum corneum (SC) layer 
with below tissue, the epidermis and dermis, having lots of conductive 
ions. Stratum corneum is the outermost layer of epidermis consisting 
of dead cells. Because of the difference concentration of conductive 
ions between SC layer and below tissue, ions are transmitted at the 
interface and consequently potential difference is occurred and a 
double layer structure is created. The thickness of stratum corneum of 
the same body site varies between individuals [10]. Subjects with dark 
skin have denser stratum corneum layers than subjects with fair skin. 
This leads to lower skin capacitances and higher impedances for dark-
skinned subjects. However, the thickness of stratum corneum does not 
vary with age. Furthermore, there appears to be no gender differences 
[11]. Hair follicle density can vary between 40 to 70 cm-2, an increased 
hair follicle density decreases the resistance of skin [12]. Resistance of skin 
is also affected by blood circulation and the density of sweat glands which 
dependent on the body site. Consequently, electrical properties of skin 
can vary significantly between different subjects and body sites.

The equivalent circuit of the interface of electrode and skin has 
been studied by lots of researchers [13]. Swanson et al. [14] attempted 
to measure the skin-electrode impedance using a pair of Ag/AgCl 
electrodes with a diameter of 5cm. They described the interface 
between the skin and electrode as a parallel combination of a resistor 
and a capacitor in series with a second resistor. This model is known 
as a single time constant model. Moreover, Kaczmarek & Webster 
presented a more accurate model in which the interface electrode-
skin is described as a double time constant model involving two time 
constants [15]. In this model, the skin electrode is considered as a 
non-linear second-order filter. 

Introduction
An  electrocardiogram  (ECG  or  EKG) is a record of 

the  electrical  activity of the  heart  over a period of time. It is done 
by electrodes attached to the outer surface of the skin and recorded 
by a device outside the body [1]. Each beat of the heart is triggered 
by an electrical impulse normally generated from special cells in 
the upper right chamber of the heart. An electrocardiogram (ECG) 
records these electrical signals as they travel through the heart. 
Doctors use an electrocardiogram to look for patterns among 
these  heartbeats  and  rhythms  to diagnose various heart conditions 
[2]. ECG is then used to measure the rate and regularity of heartbeats, 
the size and position of the chambers, the presence of any damage to 
the heart, and the effects of drugs or devices used to regulate the heart, 
such as an artificial pacemaker [3]. To obtain high-quality ECG signal, 
proper electrodes and compatible recording amplifiers are required 
[4,5]. Consequently, the contact impedance of textile electrodes in 
contact with a skin is an important parameter for an accurate ECG 
recording. It can introduce serious attenuation and distortion of ECG 
signals [6-9]. Inappropriate impedance may provoke an important 

Figure 1: Illustration of anatomy of skin [19].
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Wet (Ag/AgCl) and dry electrodes (textile flexible electrodes) 
are expected to have the same electrical model but the parameter 
values of capacitors and resistors could be significantly different. The 
capacitive components, corresponding to the electrode’s permittivity 
and skin layers demonstrate a dominant contribution of the skin to 
the skin–electrode contact impedance [16]. Wet electrodes are widely 
used for ECG monitoring, they consist of a metal snap, a silver/silver 
chloride (Ag/AgCl) coated sensors, a conductive hydrogel and 
an adhesive foam. The hydrogel offers a stable contact interface 
and also hydrates the skin and therefore decreases contact 
impedance. However, these electrodes cannot be used for long-
term monitoring, because hydrogel can provoke skin irritation 
after prolonged contact with the skin. Furthermore, signals are 
degraded due to the gel drying out and the removal is also painful 
[17,18]. To avoid these drawbacks regarding wet electrodes, cotton 
electrodes have been fabricated, and their contact impedance have 
been calculated and discussed.

The main objective of this study is to determine contact impedance 
between the skin and a developed cotton textile electrodes based on 
a modified PEDOT: PSS coating. In order to assess the quality of the 
electrode contact, a medical Ag/AgCl has been used for comparison. 
This method is based on the response of electrodes to a small 
sinusoidal voltage. This measurement technique can be applied to any 
other type of flexible electrode in contact with the skin. The tests have 
been always made on the same person in the same ambient and body 
condition, meaning that human tissues have not been changed. 

Material and Methods 
Electrodes manufacturing 

Poly (3,4ethylenedioxythiophene):poly(styrenesulfonate), also 
called PEDOT:PSS, type Clevios was purchased from Heraeus 
Conductive Polymers Division (Hanau, Germany). Cotton textile 
electrodes were manufactured by dip-coating with a chemically 
modified PEDOT:PSS solution and then dried at 100 °C for 20 min 
. After drying, electrodes were rinsed in distillated water to eliminate 
all remaining particles. The commercially available PEDOT:PSS 
solution had to be chemically modified in order to make it suitable for 
dip-coating process. The nature of the chemical modification cannot 
be revealed in this article because of confidentiality issues [19-21].

Commercial silver/silver chlorides (Ag/AgCl) (Ambu BlueSenor), 
medical electrodes were used to find out how our developed electrodes 
behave in term of contact impedance compared to medical electrodes. 

Electrical characterization

For correct comparison, pair of same cotton electrodes in terms of 
size was used. It has been supposed that they have the same skin-electrode 
contact impedance. The size of each textile electrode is 3×2 cm2.

Electrodes were placed on forearm skin of the same subject 
because it has been reported that the impedance values differ from 
subject to subject and even within time for the same subject [22,23]. 
The first electrode was 4cm from the wrist and distance between two 
electrodes is 10cm. Plastic clamps were applied to maintain electrodes 
onto skin. The measurements were done without performing skin 
preparation at the electrodes sites and performed immediately after 
placing the electrodes

An Autolab potentiostat, equipped with FRA module (Metrohm 
B.V.), applying sinusoidal voltage of 10 mV was used for impedance 

measurements. It is equipped with reference (RE), worker (WE) and 
counter (CE) electrodes. A 2-electrode configuration was applied. 
Its setup was to connect CE and  RE electrodes together in order to 
measure the voltage crossing WE and CE electrodes and the current 
flowing through them. Impedance was measured through frequencies 
from 0.1 Hz to 200 Hz. The impedance obtained reveals the impedance 
of electrode-skin interface and that of the tissue between the two 
electrodes.

ECG acquisition and analysis

The ECG data was acquired by using SHIELD-EKG-EMG chip 
from OLIMEX. The chip was configured on Arduino and data analysis 
was processed on Matlab (R2013a). The two electrodes to test were 
placed on the right forearm and the reference electrode is connected 
in the left forearm. The reference electrode was Ag/AgCl.

Results and Discussion 
The equivalent circuit model for one electrode in contact with 

the skin is presented on Figure 2, where Rs is the total resistance of 
electrode, skin and test cables, Rct represents the charge transfer 
resistance of the electrode and Cdl represents the double layer 
capacitor between the electrode and skin. The equivalent impedance 
is expressed by (1). The magnitude and phase of impedance obtained 
by Autolab potentiostat are for two identical electrodes.  Hence, (4) 
and (5) are respectively used to estimate the three components of the 
interface skin-electrode Rs, Rct and Cdl.
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Figure 3, shows measured impedance between electrode and 
skin when Ag/AgCl and cotton electrodes are used. For both cotton 
and Ag/AgCl, magnitude of measured impedance decreases with 
increasing frequency. At the same frequency, the magnitude of 
measured impedance of Ag/AgCl electrode is rather small than that of 

Rs 

Rct 
Figure 2:  Equivalent circuit model for a single electrode-skin interface.
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cotton electrode because of skin hydration effect of gel, which reduces 
the impedance of Stratum Corneum (SC) layer. At low frequencies, 
the magnitude of cotton impedance changes greatly compared to 
Ag/gCl. It decreased from 8.727 MΩ at 0.1Hz to 1.21 MΩ at 10 Hz. 
However for Ag/AgCl, it decreases from 83 kΩ at 0.1 Hz to 7.35 kΩ 
at 10 Hz. The highest value of cotton electrode magnitude is not 
only caused by the high value impedance of SC layer but also by the 
non-uniform distribution of PEDOT:PSS. This non-uniformity was 
studied by scanning electron microscope (SEM) images (Figure 4). 
The images show that the PEDOT:PSS is present in high quantities on 
the top of the electrode, while no PEDOT:PSS is found in some cross 
point of the knitted fabric.

The phase measured by cotton electrodes (Figure 5) shows small 
variation over frequency in comparison to Ag/AgCl. It decreases from 
-19° at 0.1 Hz to -57° at 200 Hz. However, for Ag/AgCl, it decreases 
from -2.5° at 0.1 Hz to -60° at 200 Hz. This result was expected because 
of the polarization of cotton electrodes.

The estimated values for the electrode circuit model components 
(Rs, Rct and Cdl) for Ag/AgCl and cotton electrodes are shown in Table 
1. The electrode circuit model components values were estimated 
by developing a Matlab program based on the determination of the 
optimized best fit for impedance and phase model by minimizing the 
summed square of the error between measured and estimated data 
from measured values of impedance and phase. Figure 6 and Figure 
7 show the measured and estimated curves of both magnitude and 
phase of cotton and Ag/AgCl electrodes.

From Table 1, the charge transfer resistance (Rct) of cotton 
electrode is far greater than that of Ag/AgCl. Good ECG signal 
requires low Rs and Rct values, because high Rs and Rct imply high 
contact impedance. The existence of gel in Ag/AgCl explains the 
lower value of Rs compared to that cotton electrode. The resistance 
of gel is much lower than sweat formed at the interface of skin-cotton 
electrode. Hence, gel overcomes the effect of highly resistant skin 
layer (stratum corneum).

Forcing a current i through the electrode-skin interface results 
in a change of potential difference at the interface which is called 
over-potential [6,11], in our case this over-potential is the additional 
voltage i×Rct. For an ideal non-polarizable electrode, the current can 
pass freely through the interface without any over-potential; it means 
that the electrochemical reactions (reduction/oxidation) can happen 
easily at the interface. Cotton electrode tends to be polarized electrode 
which explains its higher value of Rct (4.0000×106 Ω) compared to 
that of Ag/AgCl (3.4798×104 Ω) which has non-polarizable nature.

Figure 3: Plot of measured impedance response for cotton and Ag/AgCl 
electrodes.

(a)

(b)

(c)
Figure 4: SEM images of surface microstructure of cotton electrode.
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Figure 5:  Plot of measured phase response for cotton and Ag/AgCl 
electrodes.

Figure 6: Measured data and fitted model for Ag/AgCl.

Figure 7:  Measured data and fitted model for cotton electrodes.

Figure 8: Electrocardiography at rest from (a) gel and (b) cotton electrodes. 

Ag/AgCl Cotton based PEDOT:PSS

Rs (Ω) 8.1282 × 103 1.0000 × 105

Rct (Ω) 3.4798 × 104 4.0000 × 106

Cdl (F) 1.35 × 10-7 7.00 × 10-9

Table 1: Model parameter values.

High Cdl value will imply better biological signal quality [24]. The 
measured Cdl value for cotton electrodes (7.00×10-9 F) is far lower 
than Ag/AgCl electrodes (1.35×10-7 F), it is due to the higher dielectric 
constant of gel compared to SC layer as expressed in (6).

0
r

AC
d

ε ε= 					             (6)

Even though, cotton electrodes have higher contact impedance 
than Ag/AgCl, a decent ECG signal was obtained for medical analysis. 
Figure 8 shows that the P, Q waves and QRS complex corresponding 
to different phases of polarization and depolarization of cardiac cells 
were easily observed in the signals recorded using both cotton and 
Ag/AgCl electrodes. The ST segment was also observed, which is 
very important for myocardial ischemia and ventricular arrhythmias 
detection.

Conclusion 
The contact impedance of textile electrodes in contact with the 

skin is an important parameter for an accurate ECG recording. High 
contact impedance is linked with low mobility of ions across the 
highly resistant stratum corneum layer of the skin, which could cause 
weak conductivity between the electrodes and the skin.

 The quality of ECG signal depends on a low Rct and Rs values, 
and high Cdl value. In this study, results revealed that cotton 
electrodes exhibited much higher contact impedance in comparison 
to Ag/AgCl medical electrodes. However, good ECG signals were 
obtained for both electrodes, which explain that there is a limit of 
contact impedance when exceeded, ECG signals will not be obtained.  

It is important to perform additional measurement of contact 
impedance of cotton electrodes, on different subjects, in order to 
study the reproducibility of material itself.

The chemical formulation developed for cotton, based on 
PEDOT:PSS is appropriate to various textile fabric, making flexible 
electrodes for long-term monitoring as compared to Ag/AgCl 
electrodes which are disposable and cause skin irritation.
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