
  

 

Figure 1. Samples of different types of electrodes: a) commercial electrode 
(CommE), b) a pair of inkjet printed electrodes on polyimide substrates 
(PrintE), c) the frontside of textile electrode (TextE) in d) the backside, e) 

the frontside of spiked electrode (SpikE), and in f) the backside of SpikE. 
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Abstract²Driven by the increased interest in wearable 

long-term healthcare monitoring systems, varieties of dry 

electrodes are proposed based on different materials with 

different patterns and structures. Most of the studies reported 

in the literature focus on proposing new electrodes and 

comparing its performance with commercial electrodes. Few 

papers are about detailed comparison among different dry 

electrodes. In this paper, printed metal-plate electrodes, textile 

based electrodes, and spiked electrodes are for the first time 

evaluated and compared under the same experimental setup. 

The contact impedance and noise characterization are 

measured. The in-vivo electrocardiogram (ECG) measurement 

is applied to evaluate the overall performance of different 

electrodes. Textile electrodes and printed electrodes gain 

comparable high-quality ECG signals. The ECG signal obtained 

by spiked electrodes is noisier. However, a clear ECG envelope 

can be observed and the signal quality can be easily improved by 

backend signal processing. The features of each type of 

electrodes are analyzed and the suitable application scenario is 

addressed.  

I. INTRODUCTION 

Biopotential monitoring of citizens in home environments 
as well as for patients in hospital is important for ubiquitous 
healthcare applications [1]. Bioelectrical potentials propagate 
from excitable cells where they originated inside of the body 
to the skin surface where they are recorded [2]. The electrode 
is such a transducer that transforms ionic biopotentials and 
currents into electronic signal [3]. Therefore, electrodes are 
key components on any biopotential monitoring system, and 
their characteristics determine to a large extend the quality of 
biopotential signals measured by medical devices.  

The Ag/AgCl gelled electrode is the most commonly used 
biopotential electrode in clinical practice since it is simple, 
low-cost, and offers good bio-signals [2]. However, this 
electrode requires electrolytic gel which brings drawbacks. 
First, the dehydration of electrolytic gel will induce noise and 
influence the signal quality after long-term use. Second, 
concern exists about the material used in the gel which may 
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cause irritation. In addition, for skin biopotential 
measurements, skin preparation is required to remove the dead 
cells of outer layer of the skin known as stratum corneum. 
Skin preparation is time consuming and inconvenient for both 
the patients and the clinical staff. Long-term biopotential 
recordings require other kind of electrodes. Several 
researchers have introduced novel dry electrodes, which 
operate without electrolytic gel. Some good examples are 
electrodes based on textile [4][15], standard printed circuit 
boards (PCB) [5], flexible polyimide [6][16] using fabrication 
technology such as conductive yarn [7][17], printed metal 
plate [8][18], and metal spikes [3][14] to establish the 
ionic-electronic interphase with the skin. The previous paper 
also adapted inkjet-printing technology into bio-signal sensing 
application and fabricated wearable electrodes [9]. Each type 
of electrodes has its own distinct features and is respectively 
suitable for different application scenarios.  

In this paper, we will compare the characterization of these 
novel dry electrodes. Three typical electrodes samples are 
fabricated. The contact impedance of electrode-skin interface 
and the corresponding noise characterization are measured. 
The performance of bio-signal transformation is evaluated by 
in-vivo ECG test.  

II. MANUFACTURE AND FEATURES OF DRY ELECTRODES  

According to the materials, manufacture technologies, 
working principles and suitable applications, the dry 
electrodes that we tested and compared can be classified into 
three categories including metal-plate based electrodes, textile 
based electrodes, and spiked electrodes. We made electrode 
samples in each category as shown in Fig.1. Commercial 
electrodes (CommE. Tyco Arbo H124sg pre-gelled electrodes) 
are used for comparison purpose.  

A. Metal Plate Based Electrodes 

This type of electrodes realizes the electrical connection by 
directly attaching the planar metal plate with skin, and show 
good performance for ECG measurements [2][8]. Isolated by 
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Figure 2. Experimental setup for contact impedance measurement. 
E1-E4 mean Electrode numbered from 1 ± 4. ZSB represents equivalent 
impedance of Skin and Body between the electrodes. 

 

Figure 3. a) The skin-electrode contact impedance of different types of 
electrodes. b) the equivalent circuit model of skin-electrode interface. 

cloth or other dielectric layer, this type of electrodes can also 
be used for non-contact capacitive bio-signal measurements 
[5]. In a previous work, we proposed inkjet printed electrodes 
(PrintE) on paper [9] and polyimide (PI) [6]. Compared with 
other manufacturing methods, inkjet printing technology 
features multi-substrate compatible, Roll-to-Roll and 
mask-free (µgreen¶ and low-cost), digital and additive (easy 
and cheap to customize electrode patterns according to 
different requirements). With the use of low cost flexible 
substrates such as paper and plastic, PrintE is featured with 
cost-effective, thin, lightweight, wearable, and disposable. In 
this paper, polyimide-based PrintE is used as a typical 
representative of printed metal-plate based electrodes. NPS-JL 
(nano-particle silver inkjetable low-temperature ink from 
Harima Chemicals) is directly printed on PI foil (Kapton 
500HN, DuPont) by inkjet printer (DMP2800 from Dimatix). 
The printed structures are sintered in oven at 145 ºC for 1 hour.  

B.  Textile Electrodes  

In order to increase the user comfort, researchers consider 
directly using conductive textile as the electrode material, so 
that the electrodes can be unobtrusively embedded in clothes 
such as t-shirts. Conductive yarns are woven or knitted into the 
fabric producing the textile electrode, also known as textrode 
(TextE). Textrodes feature several advantages for long-term 
monitoring such as lightweight, ductile, washable, resisting 
abrasion and moisture [7][17]. Therefore, TextE is suitable for 
long-term continuous wearable bio-signal monitoring. 
Weaving, knitting, and embroidering fabrication technology 
can be used to manufacture the TextE [7]. In this paper, 
textrodes are made with the Shieldex® Fabric P130+B 
manufactured by STATEX Gmbh (Bremen). It is nylon 
knitted silver coated fabric made of 78% polyamide and 22% 
elastan. The textrodes are padded with foam and a snap button 
is used for connecting the leads, as shown in Fig.1.c-d.  

C. Spiked Electrodes (SpikE) 

The above electrodes will encounter problems when 
conducting the bio-signal measurement on hairy skin, for 
example, ECG measurement from hairy chests, EEG 
measurement on the head with hairs, or bio-potential 
monitoring for animals. In order to gain good and stable 
electrical connection at the skin-electrode interface, skin 
pre-treatment is required. This will induce inconvenience or 
trouble for the patients. The spiked electrodes are quite useful 
in such applications since the metal spikes can easily penetrate 
the hair and make direct contact with the skin [14]. In this 
paper, a pair of SpikE is proposed and fabricated as shown in 
Fig.1.e and Fig.1.f. The hand-made SpikE is made out of 
bread boards and metal pins used for electronic experiments. 

III. CHARACTERIZATION OF ELECTRODES 

A. Contact Impedance Measurement 

The contact impedance measurement setup is shown in 
Fig.2. Four electrodes (E1 ± E4) of the same type are placed on 
subject¶s lower leg (hair-free). A function generator is used to 
generate a sine wave with frequency spanning from DC to 
10 kHz. A multimeter is used to record the voltage. Assuming 
the current flowing through the multimeter is negligible, the 
effective current can be calculated by  

RI V R           (1) 

The effective voltage between E2 and E3 is recorded as 
V23 in Fig.2.a and V23¶ in Fig.2.b. Zcontact presents the contact 
impedan ce of the skin-electrode (E2) interface, and ZSB23 
means the equivalent impedance of the skin and body between 
E2 and E3 [19]. For Step1 in Fig.2.a, since no current goes 
through the multimeter branch (E3), the total sum impedance 
Zsum can be obtained by,  

23 23( )sum contact SBZ Z Z V I �          (2) 

If the locations of E2 and E3 keep unchanged, ZSB23 is constant 
at one certain frequency point, which can be measured in 
Step2 and calculated by the following equation, 

23 23 ' 'SBZ V I         (3) 

Therefore, the Zcontact can be calculated by the equation:  
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As shown in Fig.3a, the contact impedance of all the four 
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Figure 4. Experimental setup for ECG signal in-vivo test.  

 

Figure 5. The oscilloscope screen shot of the ECG signal captured by a) CommE, b) PrintE, c) TextE, d) SpikE, and e) filtered ECG signal of d). 

types of electrodes follows the same tendency as a function of 
frequency, which is in line with what reported in [2][6]. The 
electrical behavior of the electrode is normally modeled as the 
parallel connected resistance and capacitance as shown in 
Fig.3b [2]. At low frequencies the value of the impedance is 
set by the resistance. With increasing frequency, the 
impedance contribution from the equivalent capacitance 
becomes more and more dominant. For SpikE, the equivalent 
capacitance is rather small due to the needle shape, the 
impedance decreases slower than the other electrodes and the 
impedance is the largest at high-frequency range. 

B. In-Vivo ECG Measurement 

To estimate the overall performance of different electrode 
types, we applied in-vivo ECG measurement using the test 
circuit board shown in Fig.4. The customized silicon chip is 
used to sense and amplify the bio-signals. The detailed 
functionality and performance of the measurement system are 
introduced in previous papers [12][13]. All the tests are under 
the same circuit settings on the same test subject. The ECG 
signals recorded by the four types of electrodes are shown in 
Fig.5 (raw signals without any digital signal processing). The 
ECG signals obtained by TextE, PrintE and CommE are quite 
similar. The ECG signal sensed by SpikE is the noisiest. 
However, the QRS complex can be distinguished. Further 
signal processing could highly improve the signal quality. An 
example is shown in Fig.5.e where the 50-Hz power line noise 
is filtered out by a notch-filter. It can be observed that the key 
features of ECG are clearly visible. 

C. Noise Characterization 

In order to further estimate the noise characterization of 
dry electrodes, the noise test is applied. Take away the signal 
source (functional generator) in Fig.2 and leave E1 and E4 
open. Without any external signal injected, the voltage that we 
recorded between E2 and E3 can be regarded as the noise 
induced by the electrodes [1]. The noise signals captured by 
the oscilloscope are summarized in Fig.6. Because the 
bio-signal monitoring is normally applied in typical home and 
hospital environment, 50-Hz power-line interference is 
pervasive and unavoidable, which can be observed in Fig.6. 
The noise signal from TextE is comparable with CommE and 
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Figure 6. The noise signal captured by the oscilloscope. 

smaller than PrintE. The noise induced by SpikE is much 
larger than the other electrodes. This phenomenon explains the 
noisy ECG signal gained by SpikE in the previous section. It is 
worth mentioning that an efficient way is needed to fasten the 
dry electrodes towards the skin to ensure good contact, 
especially for TextE. During the experiments we noticed that 
TextE is easy to get shift-movement and deformation. This 
induces motion artifacts. In addition, the pressure of TextE 
against the skin highly influences the results. In our 
experiments, an elastic strap is employed for fixation.  

IV. CONCLUSION 

The electrical behavior of the electrode determines the 
quality of sensed bio-signals, while the physical features 
influence the user-comfort and user-experience. In this paper, 
the commercial pre-gelled electrode (CommE), the inkjet 
printed metal-plate electrode on polyimide substrate (PrintE), 
the textile electrode (TextE) and the spiked electrode (SpikE) 
are evaluated. For the first time, these four types of electrodes 
are measured and analyzed under the same measurement setup. 
The results indicate that these electrodes feature different 
performances. TextE and PrintE obtained similar ECG signals 
with CommE. TextE is more preferable in terms of 
user-comfort and wearability. It is suitable for long-term ECG 
monitoring. However, TextE is sensitive to motion and 
pressure. Therefore, an efficient way is needed to fasten it. 
Manufactured by inkjet printing technology, PrintE features 
low-cost, thin, lightweight, µgreen¶, and disposable. Although 
PrintE induces slightly larger noise, the ECG signal gained is 
usable for most applications. SpikE induces the largest noise 
and leads to noisy ECG signal. However, the QRS complex is 
visible and the signal quality can be easily improved by the 
backend signal processing. This indicates SpikE is one 
potential option for bio-signal monitoring on hairy skin. Each 
type of biopotential electrodes has its distinct features. The 
choice of which one to adopt is left to the user, the patient and 
the doctor according to the specific application scenario. 
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