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ABSTRACT In this paper flexible printed electrodes applicable to wearable electronics are presented. Using
innovative materials as Laser Induced Graphene (LIG) and printed electronics, three type of electrodes
based in LIG, silver chloride and carbon inks have been compared during the acquisition of bipotentials as
electrocardiogram, electromyogram and electrooculogram. For this last one, a completely new framework
for acquisition have been developed. This framework is based in a printed patch which integers 6 electrodes
for the EOG acquisitions and an ad-hoc signal processing to detect the direction and amplitude of the eye
movement. The performance of the developed electrodes have been compared with commercial ones using
the characteristics parameters of each signal as comparative variables. The results obtained for the flexible
electrodes have shown a similar performance than the commercial electrodes with an improvement in the
comfort of the user.

INDEX TERMS Printed electronics, flexible electronics, electrodes, LIG, screen printing, ECG, EOG.

I. INTRODUCTION
Wearable devices (often simply referred to as ‘‘wearables’’)
will play an important role in future paradigms in healthcare
[1], [2], as part of the next generation of Internet of Things
(IoT)-connected systems. These include the translation of the
medical instrumentation to the patients‘ home, with the objec-
tive of continuous monitoring to prevent diseases such as
cardiovascular conditions [3]. Several challenges arise when
trying to achieve this objective, the biggest ones related to
communications and acquisition of the biosignals. Regarding
communications, security solutions are required since the
transmitted data are personal information, while the optimiza-
tion of IoT networks still remains an issue [4]–[7]. On the
other hand, the ubiquitous acquisition of signals requires
advanced signal processing and wearable devices with
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capabilities for long-term applications. Biopotential record-
ings such as Electrocardiogram (ECG), Electromyogram
(EMG), Electroencephalogram (EEG) or Electrooculo-
gram (EOG) are basic tools for health monitoring, as they
provide valuable information on the health of the user in a
non-invasive way. Thus, wearables to acquire this type of sig-
nals are key to improve medical systems and patient wellness
[8], [9], and can be even used in innovative applications, such
as attention monitoring [10].

Flexible electronics are a great tool to achieve the fea-
tures described above. With these technologies, devices can
be conformally adapted to the anatomy of the user without
perturbing his/her activity. Thus, flexible electrodes are a
key asset for this type of applications, especially for inte-
gration in a single device to be attached to the skin and
that is able to communicate with healthcare personnel to
remotely monitor patients. Traditionally electrical biosignals
are acquired using Ag/AgCl wet electrodes. The behaviour
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of these wet electrodes is well-known and they have been
widely studied in signal acquisition. However, they present
several problems related to the comfort of the user, espe-
cially in cases of extremely sensitive skin and in long-term
acquisition [11], [12]. Dry electrodes can mitigate these
problems and it is in this field were flexible electronics are
of great interest [13]. Moreover, flexible electronics open
a wide field for innovative wearable devices [14]. New
tools in the field of flexible electronics are currently avail-
able, such as printed electronics and, more recently, novel
nanomaterials [15]–[17].

The most common technologies for printed electronics are
screen and ink-jet printing. In the literature several examples
of flexible electrodes using printing techniques on different
substrates can be found. For example, Geng Yang et al. devel-
oped an ECG acquisition system over paper substrate using
ink-jet printing [18]. Furthermore, Deberner et al. developed
EEG electrodes printed over polyimide layers. Also, a system
for the acquisition of multiple biosignals has been developed
by Shustak et al., integrating all the electrodes in a single
adhesive patch [19]. Textiles have been also used as printing
substrate by Lidón-Roger et al. [20] and Xu et al. [21].

More recently, graphene-based electronics have expanded
the possibilities for flexible devices, since graphene is
a biocompatible, conductive material [22]. For example,
Celik et al. developed ECG electrodes based on chemical
vapor deposition (CVD) over Ag/AgCl electrodes [23]. Addi-
tionally, Lou et al. [24] andKarim et al. [25] studied the appli-
cation of graphene over textiles. Furthermore, Laser-Induced
Porous Graphene (LIG) has been also used to create ECG
electrodes [26], [27].

In this paper, these two technologies, screen printing and
LIG applied to electrodes, are compared to traditional AgCl
electrodes for the acquisition of ECG, EMGand EOG signals,
since the behavior of this type of traditional electrodes is
well-known and they are widely used in real applications.
For screen-printing, carbon and silver pastes have been used.
In the case of LIG electrodes, the substrate was Kapton,
which allows for a cheaper fabrication process than CVD
techniques. The electrodes are compared in the acquisition of
ECG and EOG signals, using the influence of the electrode
on the diagnostic characteristics of each signal as variable of
comparison. It must be noted that EOG acquisition with this
type of technologies is an innovative solution, demonstrated
in this work with an ad hoc patch that can enable new possi-
bilities in the use of this technology. As an example of this,
measuring the EOGwhile an activity is carried out is achieved
in a more ergonomic way than with traditional electrodes,
while also interfering less with the user activity and requiring
very simple digital signal processing. In contrast to CVD
or stretchable LIG techniques, which require several steps
to manufacture the electrode or complex materials as Poly-
dimethylsiloxane (PDMS), the presented electrodes can be
fabricated over low-cost materials in just one fabrication step.
Furthermore, the required techniques here allow the design of
any electrode layout as well as large-scale manufacturing.

The remaining of the paper is structured as follows:
Section 2 provides details of the materials and methods used
in this work. The results are then presented and discussed
in Section 3. Finally, Section 4 summarizes the conclusions
derived from this study.

II. MATERIALS AND METHODS
A. ELECTRODE DESIGN AND FABRICATION
The presented electrodes were designed with a circular form
with a diameter of 10 mm and a small connector wire from
the same material as the electrode. The techniques used are
screen printing and LIG. In the market there are mainly
3 options for conductive pastes: silver, silver/silver chloride
and carbon pastes. In this work, the EDAG 6038E SS E&C
silver/silver chloride paste from Loctite (Henkel) [28] was
selected, as it is specifically indicated for biosensors and its
ratio of silver over silver chloride is 9:1, which results in a
sheet resistance of 0.04 �/sq. The other selected paste was
the carbon paste C-220 from Applied Ink Solutions [29],
which is an thixotropic paste for screen printing with a sheet
resistance around 16 �/sq. All pastes were deposited with
a manual screen printer (Siebdruck Versand) using a screen
mesh density of 120 threads/cm. Pastes were cured at 115 ◦C
during 10 min. The electrodes are based in a multilayer
structure as the one shown in Figure 1a. Electrode, wire
and isolation layer have been printed over a polyethylene
terephthalate (PET) substrate. Later, a stretchable adhesive
skin patch and a back cover are added to adhere the elec-
trode to the skin, which results in the electrodes shown in
Figure 1b. To measure EOG, the electrodes have the same
multilayer structure but with 6 electrodes integrated in a
patch, as Figure 1c shows. This patch ensures the proper
positioning of the electrodes and avoids cables interfering the
user’s vision. The designed electrodes have a sheet resistance
of 0.062 �/cm2 for silver and 23 �/cm2 for carbon.
In the case of LIG electrodes, Kapton HN polyimide was

used to obtain graphene-derived structures. This polyimide,
which is produced from the condensation of pyromellitic
dianhydride with 4,4-Oxydianiline as cross-linking agent,
exhibits an excellent balance of physical, chemical and elec-
trical properties over a wide temperature range. When the
laser incises on the Kapton with enough energy to elevate
its temperature, it produces a local ablation of the polyimide,
thus achieving a conductivity comparable to that of graphene
obtained by CVD [18]. Using this technique and the multi-
layer structure shown in Figure 2a, similar electrodes to the
ones described above were created with a 2.4-W CO2 laser.
Later, a stretchable adhesive is added alongwith anAgCl con-
tact for the connection wire, resulting in the electrode shown
in Figure 2b. In Figure 2c, a SEM image of the electrode is
shown, where the pattern generated by the CNC laser can
be observed. The Raman spectrum is shown in Figure 2d,
and it can be observed that it is composed of three peaks
(D peak: 135 cm-1; G peak: 158 cm-1; 2D peak: 270 cm-1)
that confirm the graphene nature of the structure. However,
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FIGURE 1. Screen printed electrodes. a multilayer structure used for each electrode. b Carbon (black) and silver (grey) electrodes for
ECG. c Screen printed patch for EOG.

FIGURE 2. LIG electrodes. a multilayer structure of the electrode. b developed electrode. c SEM image. d Raman
spectrum.

this structure differs from monolayer graphene, as the D and
2D peaks demonstrate. A ID/IG ratio close to 1 indicates
the presence of defects in the crystalline structure of the
graphene. The I2D/IG ratio confirms the multilayer structure
of the graphene generated in the electrode [30]. The sheet
resistance of the obtained electrode is 360 �/cm2.
The described electrodes were compared to the commer-

cial EL503 electrodes, manufactured by Biopac [31]. These
electrodes are wet type electrodes with an Ag/AgCl contact
and 11-mm diameter, along with a 35-mm adhesive patch and
an sponge to confine the electrolyte.

In order to study the impedance of the electrodes, they
were attached to a metallic plane to contact all the elec-
trode surface. The impedance was thus measured with a
Digilent Analog Discovery 2 impedance analyzer between
the connection and the metallic plane. For the commercial
electrode, electrolyte gel was also added to keep the same
conditions than in real applications. In Figure 3, the results

for all the electrodes are shown. Two main tendencies may
be observed: LIG and commercial electrodes tend to have a
capacitive behavior while screen printed electrodes have a
purely resistive behavior. The one with lower impedance is
the silver electrode while the highest is the impedance of the
carbon one. Commercial and LIG electrodes have a similar
impedance, around 700 �.

B. ECG ACQUISITION
To acquire signals, the sensing platform Biosignalsplux [32],
created by PLUX wireless biosignals S.A., was used. This
platform allows the acquisition of up to 8 channels of different
type of signals. Several probes are available for this device to
acquire a wide range of biosignals. In this work, the ECG
probes were used to acquire both ECG and EOG signals.
These probes have a differential input, with a third reference
input. Their input range is ±1.5 V, with a gain of 1000 V/V
and bandwidth from 0.5 Hz to 100 Hz.
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FIGURE 3. Impedance measurement for all the electrodes. a Module and phase of commercial electrodes, b Module and phase of
carbon electrodes, c Module and phase for silver electrodes d Module and phase for LIG electrode.

FIGURE 4. ECG acquisition and processing. a Position of the electrodes and leads. b Typical signal from Lead I. c Signal
processed with wavelet Transform. d QRS complex detail.

ECG acquisition for all electrodes was carried out during
180 s using Lead 1, which requires to place an electrode on
each wrist (the positive electrode is the one on the left arm,
LA), and a third reference electrode on the ankle, as shown
schematically in Figure 4a. All signals were consecutively
acquired from two healthy test subjects using the different
electrodes. Skin was cleansed with alcohol prior to electrode
attachment, in order to remove any dirt or skin secretions
that could affect the electrode contact. The electrodes were
placed in the same positions in consecutive acquisitions.
With this arrangement, the obtained typical ECG signal is
shown in Figure 4b, where it is possible to observe a baseline
deviation, usually refered to as wandering, as well as noise.
To process the signal it is essential to suppress these artifacts.
In this work, a processing based in the wavelet transform is
used [33]. This processing obtains very low frequency and
high frequency components through wavelet decomposition
and later eliminates the bands where noise and wandering

are contained. With this, the original signals are denoised,
as illustrated in Figure 4c. Finally, signals are processed to
detect the characteristic points shown in Figure 4d, which
define the information related to the heart’s behavior. The
algorithm for this detection and annotation follows these
steps, assuming a 1-ksps sampling rate:

1) Detect R-peaks finding maxima separated, at least,
by 3000 samples

2) Find minima (Q-peaks) and maxima (P-peaks) 250 ms
before the R-peaks

3) Find minima (S-peaks) and maxima (T-peaks) 500 ms
after the R-peaks

C. EOG ACQUISITION
EOG acquisition was carried out with the same system and
probes as in the case of ECG. However, in order to perform
a more precise comparison, EOG requires an experimental
setup that ensures the same amplitude and direction of the eye
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FIGURE 5. EOG acquisition method. a Position of the user during
experiments. b Positions of the electrodes and signal nomenclature. c
Wavelet denoising.

movement for all measurements. For this purpose, a specific
measurement framework has been developed. First, a video
(see supporting information) has been created as a guidance
for the subject under study. The video consists of a red
point describing a certain pattern in the screen, which the
subject has to follow with his/her eyes during the experiment,
completing the following sequence of movements:

1) Look right for 1 s, then look straight ahead for 1 s,
repeat 5 times

2) Look left for 1 s, then look straight ahead for 1 s, repeat
5 times

3) Look up for 1 s, back to straight for 1 s, repeat 5 times
4) Look down for 1 s, back to straight for 1 s, repeat

5 times
Additionally to following the video pattern, it is also

required that subjects are in the same position with respect
to the screen in order to ensure the same movement. Subjects
were thus positioned as shown in Figure 5a, at 50 cm from
the screen and aligning their eyes to the centre of the screen.
During the tests, winks can affect the subsequent processing
of the signal. To avoid this interference, subjects under test
were instructed to try to wink only in the intervals between
movements, so the interference is easy to detect and can be
avoided in the processing. If the user winked during move-
ment, the test was repeated until it was ensured the absence
of winks in the processing.

The patch shown in Figure 1c ensures the proper location of
the electrodes, while two ECGprobes, each one acquiring one
of the axis of movement, were used. Despite the patch having
six electrodes, only five of them were used to simplify the
subsequent signal processing. The patch is designed to make
the electrodes fall on adequate positions, with two electrodes
(4 and 6) for vertical movements and other two (1 and 5) for
horizontal movements, while the central electrode (3) is used
as reference, as Figure 5b shows.

The EOG signals acquired following the same protocol as
for ECG. Signals were thus consecutively acquired from two

healthy test subjects using the different electrodes, while the
skin was cleansedwith alcohol to avoid differences in the skin
state.

Finally, acquired data are processed using the wavelet
transform. As shown in Figure 5c, the processing is applied
only to suppress noise, as the wandering removal is not
required and can even be detrimental in EOG signals. Thanks
to the wavelet transform, almost all the noise is suppressed,
thus facilitating the detection of movement direction.

D. EMG ACQUISITION
EMG signals were acquired with the EMG sensor of Biosig-
nalsplux. This sensor has a differential input with a gain
of 1000V/V and a bandwidth from 25Hz to 500Hz. The input
range is the same as for the other sensor.

Muscles have two types of contractions: isotonic, in which
the muscle varies its length, and isometric, in which the mus-
cle does not vary its length. Despite EMG can be measured
during both contractions, the isometric contraction is widely
used for diagnosis of neurological diseases [34]. Concretely
the typical procedure to study the EMG is through Maximum
Voluntary Isometric Contraction (MVIC) [35]. In this work,
EMG was measured in the biceps brachii at 100% of MVIC.
To ensure the isometric contraction of the muscle, the test
subject was required to position his elbow at 90◦ and push
up against a fixed table.

The surface EMG measured in this work is a composition
of all the evoked potential of the motor units of the mus-
cle [34]. Due to this, the analysis of the signal is usually made
by spectrum measurement, like Mean Frequency (MNF) and
Median Frequency (MDF), which has been demonstrated to
be useful in the study of muscle fatigue [36], [37]. Also,
the recruitment of motor units of the muscle, during iso-
metric contraction can be studied through MDF and MNF
variations [38].

E. COMPARISON PARAMETERS
As detailed above, ECG, EMG and EOG signals were
acquired, for comparison, with the developed electrodes as
well as with the commercial ones. However, a proper numer-
ical comparative must be carried out in order to provide
an objective evaluation of the presented electrodes, so two
variables have been used to compare the performance of the
electrodes in each case.

For the ECG, QRS-complexes detected with the algorithm
described above are compared to the annotations made by
a cardiologist. The number of false positives (FP), false
negatives (FN) and correctly or truly detected (TD) in the
determination of QRS-complexes are used to compute the
accuracy, Acc, defined as [39]:

Acc =
TD

TD+ FN + FP
(1)

When expressed as a percentage, 100% Acc implies the
detection of all the QRS-complexes without any false pos-
itives, while a 0% means no detection at all. This variable
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FIGURE 6. ECG signal acquired with the Ag/AgCl electrodes. QRST peaks
noted by dots.

summarizes the SNR and distortion of the signals, since
detection of QRS-complexes using each one of the charac-
teristic points of the signal requires a clear and non-distorted
waveform in order to achieve an adequate performance.

In the case of the EOG, the key variable is the direction
of the movement. Thus, the comparison variable was the
error in the determination of the movement direction. The
relative error in the angle is one of the options to compare,
but as the expected angles in each direction have different
values, the error will be thus relative to different values. With
the same absolute error, the relative error will be higher for
lower angles, as 0 rad for example. To avoid this, the error
is computed relative to a deviation of ±π4 from the expected
angle:

ε =
θexpected − θmeasured

π/4
(2)

To be consistent with the ECG parameters, the accuracy of
the EOG acquisition is defined as:

Acc = 1− ε (3)

In this way, a correct determination of direction implies a
100% accuracy while a deviation of π/4 is represented by 0%
accuracy.

For EMG the parameter that has been compared is MDF.
Since in this case the real or expected value is unknown,
the results from the commercial electrodes will be considered
as the reference value. The relative error in MDF for the rest
of the electrodes is thus computed as in Equation 4.

ε =
MDFcommercial −MDFmeasured

MDFcommercial
(4)

As with the EOG error and in order to be consistent with
ECG values, the accuracy is defined as:

Acc = 1− ε (5)

III. RESULTS AND DISCUSSION
The results obtained from the electrodes presented above and
the results of the processing will be compared and discussed

FIGURE 7. ECG comparative. a) Mean QRS-complex of each electrode. b)
Amplitude comparison. c) Time segments comparison d QRS-complex
comparative without averaging.

in this section. First, the ECG acquisition will be analyzed,
later the EOG signals and finally EMG signals.

Although some limitations in the analysis exist, they
equally affect all the tested electrodes. The first constrain
is the acquisition in static position for both biosignals. This
reduces the movement artifacts to low amplitude distortions
associated with small movements. Anyway, such artifacts can
be eliminated by wavelet processing [33]. These artifacts
would increase its amplitude if the subject was moving. Due
to this, a stretchable adhesive layer was used to improve
adaptability to the skin through an improved skin contact.
Furthermore, this contact could be achieved using stretch-
able substrates and stretchable pastes. However, this option
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FIGURE 8. EOG signals for different materials and eye movements.

has not been considered due to the size of the electrodes.
The second limitation is the lack of acquisition of the smooth
pursuit movements in EOG, with only saccadic movement
being acquired [40]. Nevertheless, saccadic movements are
the most challenging for such electrodes as their frequency
spectrum is wider.

A. ELECTROCARDIOGRAM
In Figure 6 a segment of an ECG signal acquired with the new
Ag/AgCl electrode is shown. This signal has been processed
with the techniques detailed above. It is also possible to
observe the characteristic points detected by the algorithm.

Since a graphical comparative of the electrodes is quite
difficult with a full 180 s recording, an average QRS
has been obtained from the acquired signals. All the
QRS-complexes from each recording have been aligned to
the R-peak and averaged, resulting in the QRS-complexes
shown in Figure 7a. The differences are thus quite clear,
as the amplitudes are lower for the novel electrodes while
the time durations of each peak are equal. The morphology
of the signals is the same for all the electrodes but with
lower amplitude. In Figure 7b and Figure 7c the mean ampli-
tudes and mean time distance between peaks are shown,
respectively, along with the standard deviation. As it can
be seen, the amplitudes are reduced with the different elec-
trodes, while the time segments are similar. It must be noted
the variability of the R-S segment for carbon electrodes,
due to noise and artifacts during acquisition. In Figure 7d,
a comparison of a QRS complex without averaging is shown.

It can be observed how the amplitudes are similar to the
ones obtained with averaging. However, the noise can affect
the lowest peaks (P and Q peaks). These results show that
the electrodes with lower impedance have higher amplitude
except for commercial electrodes, which can be due to a better
contact thanks to electrode gel.

This comparison shows interesting results, but it does not
cover some issues such as noise. In order to solve this,
the accuracy in detection of QRS-complexes is shown in
Table 1. The results confirm what it was expected from the
graphical comparison, since the accuracy is reduced with the
amplitude of the signals. In the case of carbon electrodes,
the accuracy is lower when compared to the other alternatives,
which is consistent with the higher variability in amplitudes
and time segments previously observed. When compared to
the commercial electrodes, a 3.13% reduction in accuracy is
the worst case that has been observed.

B. ELECTROOCULOGRAM
An example of the signals obtained from the acquisition
of EOG are shown in Figure 8, although for the sake of

TABLE 1. Accuracy for ECG acquisitions.
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FIGURE 9. Vectors of movement obtained from the processing.

clarity only ‘‘look right’’ and ‘‘look down’’ movements are
shown. Comparing the registers for each material, they are
similar in terms of amplitude and pulse duration. As the
frequency of these signals is so low and the position of the
electrodes is so close to the origin of the signal, the impedance
has lower influence. However, AgCl electrodes still shows
slightly lower amplitude. In terms of noise, AgCl and LIG
electrodes were observed to have worse SNR, despite the fact
the wavelet transformwas able to correct this lower SNR, as it
is shown in Figure 8.
With the two channels acquired, detection of movement

is a straight procedure, just composing both channels into
a vector that determines the direction and amplitude of the
movement. The determination is divided in two parts, first
detect the movement in a given direction followed by the
opposite direction and, second, detect the amplitude. As in
each movement of the eye there will be two contiguous
peaks, one for one direction and another one for the oppo-
site, the detection first analyses the first peak sign and then
determines the amplitude. The amplitude in this work is deter-
mined averaging the amplitude of the five peaks, according
to the procedure described above, and normalizing it to their
maximum amplitude. With this processing applied to each
channel and combining both components in a vector it is
possible to determine the direction as shown in Figure 9.

In Table 2 the accuracy of the results, obtained as detailed
in the Methods section, is shown. The values are higher
than 84% in all cases, and up to 87.87% in the best case
for commercial electrodes. Among the developed electrodes,
LIG electrodes are the closer to the results of the commercial
alternative with 87.27% accuracy.

TABLE 2. Accuracy in the determination of movement direction from EOG
acquisitions.

It must be noted that, despite the error, the vectors of
movement in one direction and its opposite should be parallel.
Thus, any differences in the orientation of these vectors can be
due to a non-perfect alignment of the electrodes’ axis to the
orientation of the cornea dipole. In this way, this difference
in orientation can be used to correct the detected vectors by
adding or subtracting this difference to themovement vectors.
In Table 3 the relative parallelism error is shown. As it can be
observed, the largest errors occur for the AgCl electrode with
6.1% ‘‘look right’’ movement. The rest of the movements and
electrodes present lower errors, achieving a mean parallelism
error of 2.04% ± 1.78%.

C. ELECTROMYOGRAM
Figure 10 shows the acquired EMG signals. While all the
signals have an amplitude in the order of millivolts, com-
mercial and LIG electrodes obtain higher amplitudes than
screen printed electrodes. Commercial and LIG electrodes
acquired an RMS value of 0.98 mV, while carbon electrodes
resulted in an RMS value of 0.49mV and AgCl in 0.34 mV.
In terms of noise, carbon and especially AgCl electrodes
capture more noise than commercial and LIG electrodes.
The spectrum of EMG signals extends over higher frequen-
cies than the other signals studied so far, so the impedance
has higher influence. As the results show, electrodes with
capacitive behavior, as LIG and commercial ones, seem to
have better performance while silver electrodes show lower
amplitude.

As in the Methods section, EMG is typically analyzed
through his spectrum, Figure 11 shows the power spectrum
density (PSD) of the acquired EMG signals. Results show
that there are no significant variances between them, but for
the level of the signals that, as discussed above, is lower for
AgCl and carbon electrodes. The information of the signal
is focused below 100Hz and above 20Hz. In the cases of
commercial and LIG electrodes, a local maximum around
150 Hz is observed, which can be explained as a 50 Hz noise
harmonic.

Typical parameters that are analyzed in EMG diagnosis
are Mean Frequency (MNF) and Median Frequency (MDF).
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FIGURE 10. Raw EMG signals acquired a)Commercial, b)Carbon, c)AgCl, d)LIG.

FIGURE 11. Power espectral density of the EMG signals acquired for each electrode
a)Commercial, b)Carbon, c)AgCl, d)LIG.

TABLE 3. Parallelism error between initial and return movement of EOG.

In Table 4 these parameters obtained from the acquired sig-
nals are shown. Mean frequency is around 70 Hz, with the
LIG electrode showing more deviation from this value with
a mean value of 65.70 Hz. Median frequencies are between
60 and 65 Hz. In this case, the AgCl electrodes is the one
that differs from the others, but it is consistent with the mean
values as it provides the higher mean value. In any case,

TABLE 4. EMG spectrum analysis results.

as expected, all the electrodes provided similar frequencies
without noticeable differences.

D. COST ANALYSIS
Regarding the cost of the electrodes, as the substrates are not
expensive, the main cost is derived from the pastes, which
is a big advantage for the LIG electrodes. These electrodes
have a unit cost of 0.27e, while Ag/AgCl ones have a unit
cost of 1.02e. The price of carbon electrodes is intermediate,
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as the price of the carbon paste is lower than the silver
paste’s, keeping thus the unit cost at 0.56e. The unit cost
of the commercial electrodes is around 0.50e, which is a
similar price to carbon ones. Even if cost does not seem to
be improved except for the LIG electrodes, it should be noted
that the commercial electrodes are fabricated in mass, which
results in much lower unit price when compared to the cost of
the presented prototype electrodes. The electrodes developed
in this work require techniques that can be easily moved to
mass production, which will reduce their cost specially for
screen printed electrodes.

Finally, Table 5 summarizes the main characteristics and
results form each one of the presented electrodes.

TABLE 5. Summary of results obtained in this work.

IV. CONCLUSIONS
Three types of printed flexible electrodes have been presented
in this work. Two technologies have been used, LIG over
Kapton and screen printing with AgCl and carbon pastes.
The electrodes have been compared acquiring ECG and EOG,
showing a comparable performance to that of commercial
electrodes, while they aremuchmore comfortable for the user
and their manufacturing costs are also lower.

In the case of ECG acquisition, all the tested systems were
able to acquire ECG without distorting it, even if a reduction
of the amplitude is observed. The accuracy obtained with
these electrodes in ECG-point detection is higher than 96.9%,
which is the worst case value obtained for carbon electrodes.
The best-performing electrode has been the AgCl electrode,
with 99.3% of accuracy. It should be noted that the commer-
cial electrodes were wet type electrodes, while the developed
electrodes are dry, which has some influence in their perfor-
mance due to the skin-electrode contact resistance.

For EOG, the electrodes were integrated in an ad hoc
adhesive patch, and a custom measurement procedure was
developed. With this integration, not only the ability to track
eye motion was shown but also ergonomics were improved
thanks to this flexible electronics technology. In this test,
all the electrodes acquired similar waveforms, with the only
differences lying in the acquisition noise, which was in any
case corrected with wavelet-based processing. Regarding the
accuracy in direction detection, LIG electrodes showed the
best performance with 87.3% accuracy, very close to com-
mercial electrodes (87.9% accuracy). Parallelism between
movements in opposite directions was also analysed. It must

be noted too that the presented measurement procedure may
help define new applications based on EOG acquisition, due
to its simplicity and reproducibility.

Electrodes were also tested during the acquisition of sur-
face EMG. All the electrodes were able to obtain EMG
signals with different amplitudes but without noticeable dif-
ferences in the obtained spectrums. Typical EMG parameters,
MDF and MNF, were compared for all the electrodes obtain-
ing similar values in all the cases with a maximum deviation
lower than 5Hz.

Thus, it has been demonstrated that the electrodes devel-
oped in this work could be used in cost-effective wearable
devices tomonitor biomedical variables. In addition, the tech-
niques used in this work provide several advantages regarding
high volume production for the industry and user comfort,
while maintaining an equivalent performance to that of con-
ventional electrodes.
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