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Dry Laser-Induced Graphene Fractal-like ECG Electrodes

Yann Houeix, Denice Gerardo, Francisco J. Romero,* Víctor Toral, Lidia Hernandez,
Almudena Rivadeneyra, Encarnación Castillo, Diego P. Morales, and Noel Rodriguez

Fractal-like geometries applied to biosignal-electrodes design show great
potential for enhancing the signal acquisition of sensing systems. This study
reports a novel approach for flexible, silver-free, and dry fractal-like electrodes
based on Laser-Induced Graphene (LIG) obtained through laser photothermal
processing of a commercial polyimide film. This one-step mask-less
manufacturing process enables the simple fabrication of natural and
optimized fractal-like shapes inspired by actual snowflake patterns. To ensure
a reliable and standardized connection to the measurement unit, the
electrodes are equipped with a snap terminal. The electrodes are structurally
characterized using various techniques including Scanning Electron
Microscopy (SEM), Raman spectroscopy, and X-ray Photoelectron
Spectroscopy (XPS). By benchmarking the performance of these electrodes
against Ag/AgCl wet commercial electrodes and LIG electrodes shaped as
commercial ones, a heart rate-monitoring accuracy of over 96.8% is achieved,
with high specificity, positive prediction, and sensitivity, surpassing the 95.8%
achieved by conventional commercial electrodes. These results demonstrate
the efficacy of fractal-based designs in combination with LIG-based
transduction, offering flexible and cost-effective electrocardiogram (ECG)
electrodes with improved performance compared to traditional wet electrodes.

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death
worldwide, prompting significant efforts to enhance early diag-
nosis, prevention, and treatment.[1] Electrocardiography (ECG)
is the most common technique to diagnose abnormal car-
diac activity and extract information from the electrical signals
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generated by the heart, potentially
enabling the preventive detection of
CVDs.[2] In the last decades, with the
advent of the Internet of Things (IoT)
and wearable electronics, the diag-
nostic measurement of ECG signals
is extending from hospital to home-
care environments.[3–6] As the sensing
component, the electrode plays a cru-
cial role in ECG signal measurement.
Ag/AgCl electrodes are the most com-
monly used bioelectrodes in cardiology,
which are usually combined with a gel
containing KCl electrolyte to decrease
the skin-electrode contact impedance
and reduce motion artifacts.[7] However,
this type of electrodes present some
issues. While they are cost-effective for
large volume production, the gel applied
to the skin can accumulate sweat and
potentially cause discomfort during
long-term ECG monitoring. Additionally,
the gel dehydrates over time, leading to
performance degradation and reduced
flexibility of the electrode.[8,9] Because

of that, dry electrodes have emerged as a potential alternative to
conventional wet electrodes for ECG measurements, which has
led to the investigation of multiple alternatives, including inva-
sive microneedle electrodes, capacitive electrodes, and surface
electrodes.[10,11]

More recently, flexible and wearable-oriented dry electrodes
utilizing carbon-based conductive materials are attracting in-
creasing attention. These materials include graphene,[12,13]

carbon nanotubes (CNT),[14,15] or reduced Graphene Oxide
(rGO).[16] Among the carbon-based materials, Laser-Induced
Graphene (LIG) stands out due to its high electrical conductiv-
ity, mechanical flexibility, simplicity of production, scalability,
and low cost; as it features a one step manufacturing process
compatible with roll-to-roll processes.[17] Previous studies have
already demonstrated the potential of LIG in ECG monitoring,
reporting promising results.[18–21] However, most of the previous
designs and commercial electrodes have been constrained to
fixed transduction areas, commonly adopting a typical circular
shape with ≈10 mm of diameter, therefore missing the potential
offered by Direct Laser Writing (DLW) techniques in exploring
more complex patterns, such as fractal-like geometries, without
the need for complex lithographic processes.

The application of fractal-like structures has been reported
in various fields, including stretchable electronics,[22] neu-
ron electrodes,[23] gas sensors,[24] and antennas.[25] Fractal
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geometries possess a set of features that set them apart from
traditional Euclidean geometries.[26,27] These structures exhibit
self-similarity, whereby each component of the structure resem-
bles a scaled-down replica of the entire structure. Unlike regular
geometries, fractal geometries do not have a finite characteris-
tic length. Instead, the length increases as the scale unit used to
measure the geometry decreases, accounting for more accurate
details.[28] A well-known natural example of 2D fractal geome-
tries are the snowflakes, which exhibit a fractal dimension rang-
ing from 1.4 to 2.[29,30] Snowflakes are formed from frozen water
vapor in the atmosphere, developing a unique hexagonal crystal
lattice structure with self-similarity and a high degree of symme-
try as they grow.[29,31] Therefore, one of the benefits of the applica-
tion of this type of structures in ECG electrodes relies on the im-
provement of the contact between the electrodes and the patient’s
skin, given the more distributed sensing area and the better con-
formation to the body’s contours when compared to circular elec-
trodes. Additionally, the self-similarity and infinite complexity of
fractals increase the total sensing surface distribution on the skin
with the same contact area, enhancing the comfort, accuracy, and
reliability of ECG measurements. Moreover, it has been demon-
strated that employing fractal designs in wearable sensors and
actuators significantly enhances their sensitivity and expands the
operation range of the sensor, resulting in faster and more stable
responses.[22] Therefore, this technology provides consistent and
reliable performance over time coupled with the mechanical flex-
ibility required for wearable applications.[32]

This article focuses on the development of snowflake fractal-
like electrode designs for ECG monitoring using a DLW fabrica-
tion process on a commercial polyimide to produce LIG. Inspired
by dendritic, fernlike, and plate crystal structures, we created
nine fractal-like designs based on the work presented by Bentley
et al..[33] Note that although these fractal designs aim to replicate
the aspect of fractal geometries, they do not feature the properties
of idealized fractals from a mathematical perspective because of
the real-world limitations and fabrication constrains. Therefore,
they are frequently referred to as fractal-like structures. To make
the electrodes as standard as possible, the electrodes are equipped
with a snap terminal, thus avoiding the use of additional con-
ductive inks and custom connections. The manufacturing pro-
cess is described in detail, and the morphological and structural
characteristics of the laser-induced material are analyzed using
Scanning Electron Microscopy (SEM), Raman spectroscopy, and
X-ray Photoelectron Spectroscopy (XPS). To evaluate the perfor-
mance of the designs, ECG recordings were obtained from dif-
ferent volunteers and compared to reference measurements us-
ing Ag/AgCl commercial electrodes. The different ECG signals
acquired were processed using a robust and accurate algorithm
for the detection of QRS complexes intended for monitoring the
heart rate,[34] and their performance was evaluated in terms of
sensitivity, specificity, positive prediction, and accuracy.

2. Results and Discussion

2.1. Electrodes Fabrication

The technique used for the fabrication of the electrodes is DLW
on the commercial polyimide Kapton HN film, on top of a paper
sheet as depicted in Figure 1A. Due to the laser photothermal

processing of the material, the weak molecular bonds of the pre-
cursor break by the photothermal effect and are released in the
form of gases. This process modifies the physical and chemical
properties of the material, resulting in a porous and conductive
material commonly referred to as LIG.[17]

After the DLW process, each scribed electrode is cut with the
laser, and a snap connector is then placed through the square ter-
minal for its connection with the measurement unit, as presented
in Figure 1C and described in the Experimental Section. The in-
clusion of the snap terminal, shown in Figure 1B, simplifies the
manufacturing process by eliminating the need for silver ink ap-
plication or soldering to attach a conductive cable as a connec-
tion terminal, as done in previously presented electrodes.[12,18–20]

These aspects standardize the electrode design, and enhance the
reliability of the connection with respect to previous designs, thus
reducing the signal noise. In addition, with the adoption of silver-
free electrodes, costly and environmentally harmful materials
like silver chloride (AgCl) are no longer required, thus promoting
a more sustainable and cost-effective alternative for biosignals ac-
quisition. In Figure 1D, the commercial ECG measurements unit
with the connection setup used in this work is shown along with
our custom snap fractal-like electrodes.

Finally, a non-conductive lacquer is spread on both the metal
snap and the terminal to ensure that they do not interfere with
the measurements by coming into contact with the skin. It is
worth mentioning that the presented electrodes are designed as
dry electrodes, although it is also possible to apply electrolyte gel,
if necessary, to improve the contact with the skin as in commer-
cial electrodes.

The LIG-based electrodes are intended to be placed on the
body according to Einthoven’s triangle derivation I,[35] as depicted
in Figure 1E. The LIG pattern is directly in contact with skin
through the use of a standard cohesive medical bandage placed
around the wrist of the volunteer, as presented in Figure 1F. In
contrast to adhesive bandage, this one sticks only to itself, and
not to skin or hair. For the evaluation of the performance of the
different designs, the ECG signals are also acquired simultane-
ously using commercial electrodes, as presented in Figure 1F.
For more detailed information, please refer to the Experimental
Section.

2.2. Electrodes Design

In this work, we selected specific 2D snowflake patterns as the
fractal geometry for our ECG electrodes, inspired from Bentley
et al..[33] The selection criteria of each design were based on the
level of symmetry, multiple ramifications, and compatibility with
the 2D fabrication technique. The selected patterns are presented
in Figure 2 with their corresponding nomenclature and classifi-
cation based on Magono et al..[36]

Two categories of designs were made: original shapes de-
rived from real photographed snowflakes and stylized snowflakes
where we optimized both symmetry and surface area. Due to the
connection terminal, one ramification of the original snowflake
structure was removed. Stylized snowflakes designs were con-
sidered to surpass the drawbacks of natural snowflakes patterns
for this application. As seen in Figure 2, natural snowflakes (e.g.,
P1e-N1) possess more intricate and fine details compared with
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Figure 1. A) Schematic of the Direct Laser Writing method on polyimide film for fractal-like electrodes fabrication. B) Previous circular electrode with
a cable glued with silver-based conductive ink for its connection to the acquisition equipment. C) Proposed fractal-like electrode with a standard snap
terminal. D) Measurement equipment (Biosignals Plux acquisition unit and standard female snap connectors) together with one of the proposed fractal-
like electrodes. E) Positioning of the electrodes on the body according to Einthoven’s triangle derivation I. F) Electrodes placement on the wrist of the
volunteer for the simultaneous ECG measurements.

the stylized electrodes. Since LIG is a resistive material, these
fine details contribute to electrical losses, offering lower improve-
ment over the stylized shapes, as experiments will demonstrate
later. In addition, these fine details are more likely to get damaged
as a consequence of the mechanical stress. Because of that, styl-
ized geometries feature a compromise between the presence of
fine details, which expand the acquisition surface and the signal
potential measurement, and their thickness and robustness.

For comparison purposes, all designed electrodes have the
same standard sensing area of 78.5 mm2 (excluding the termi-
nal). For that, we also incorporated a circular electrode with a di-
ameter of 1 cm as a reference design. From a geometrical per-
spective, three key parameters were derived from the fractal-like
designs: the active area (which remained constant at 78.5 mm2

for all cases), the rectangular surface area (calculated as the rect-
angle that surrounds the pattern), and the perimeter of the pat-
tern. These parameters, obtained through graphical analysis, are
presented in Table 1. To determine the active area and perime-
ter of the designed electrodes, we counted the black pixels within

the high-definition fractal-based image excluding the terminal.
All patterns were designed to match the sensing area of the cir-
cular electrode with a diameter of 1 cm. As seen, all the fractal-
like electrodes exhibit a more distributed sensing area, resulting
in a higher effective surface area when compared to the circular
reference design.

Table 1. Geometrical parameter (rectangular surface and perimeter) of
each fractal-based design.

Name Rectangular
Surface [mm2]

Perimeter
[mm]

Name Rectangular
Surface [mm2]

Perimeter
[mm]

P1e-N1 185.2 243.9 P1e-S1 197.0 133.6

P1f-N1 199.5 233.0 P1f-S1 173.5 100.1

P1f-N2 266.8 194.9 P1f-S2 161.2 118.8

P2e-N1 151.1 72.5 P2e-S1 138.7 112.7

P2e-N2 170.4 114.0 Circ-1 100.0 31.4
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Figure 2. Schematic illustrations and real photographs of all the fabricated fractal-like electrodes.

2.3. Electrodes Structural Characterization

A SEM image of the laser processed surface is presented in
Figure 3A. The surface presents horizontal trenches formed as a
result of successive laser paths. Upon closer inspection of the in-
ner image, the stacked layers and the porosity of the material be-
come evident. The top of each trench measures ≈10 μm in thick-
ness, while the spacing between two adjacent trenches is ≈50 μm.
This 3D structure is small enough to fit with the morphology of
the human skin, increasing the contact surface. Generally, the
folds amplitude of the skin varies between 15 and 100 μm with
lateral dimensions between 40 and 103

μm.[37,38] When the elec-
trode is pressed onto the skin, the size and porosity of the elec-

trode allow for a conformal contact, which contributes to improve
the performance by minimizing motion artifacts and reducing
background noise.[39,40]

The nature of the graphene-derived material formed dur-
ing the fabrication process is confirmed through Raman spec-
troscopy, as shown in Figure 3B. The Raman spectrum of the re-
sulting material reveals three prominent peaks located at 1350,
1580, and 2700 cm−1, corresponding to the D, G, and 2D peaks,
respectively. In particular, the I2D/IG ratio of 0.58 (usually >2
for single-layer pristine graphene) indicates the multilayer struc-
ture of the graphene-derived material,[41] while the ratio ID/IG
≈1 indicates the existence of defects in the sp2-hybridized car-
bon crystalline structure.[42] Therefore, the observed Raman
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Figure 3. A) SEM image of the polyimide surface treated by the laser. B) Raman spectrum of the laser photothermal processed material with the
identification of the D, G, and 2D peaks. C) Deconvolution of the C1s peak for both processed and raw polyimide.

spectrum is characteristic of LIG and exhibits similarities to that
of rGO.[17,43]

The chemical polyimide structure consists primarily of carbon
(C), oxygen (O), and nitrogen (N). During the laser photother-
mal process, the laser’s photothermal effect causes the radicals
within the polymeric chain to break, leading to the release of
gases such as CO2, O2, and N2, among others.[44] The atomic con-
centration ratio of carbon to oxygen (C/O) increases significantly
from 4.57 before irradiation to 47.79 after irradiation, represent-
ing an increase of more than ten times. Similarly, the carbon to
nitrogen (C/N) ratio increases from 34.24 to 70.98 after the pho-
tothermal effect. The deconvolution of the C1s peak is presented
in Figure 3C, which reveals the presence of several components.
The predominant peak corresponds to the sp2 hybridization of
carbon, observed at 284.8 eV. Additionally, there are two resid-
ual peaks detected at 286.0 and 288.5 eV, which can be attributed
to C─O and C═O bonds, respectively.[45] After the photothermal
process, both residual peaks decrease and the satellite 𝜋–𝜋* peak
emerges. This peak indicates the presence of carbon atoms in
sp2 hybridization, thus confirming the graphitic nature of the in-
duced material (since it is primarily observed graphite, graphene,
and related carbon-based materials).[46,47] It arises from the exci-
tation of the electrons of sp2-hybridized bonds from a 𝜋 orbital
to a 𝜋

* antibonding orbital during the X-ray photon emission. In
graphitic materials like LIG, the electrical conduction is caused
by the presence of these sp2 hybridized bonds with delocalized 𝜋

electrons that can move freely across the plane, although it can-
not be used as a direct measure of electrical conductivity.[48–50]

All these surface modifications lead to a great enhancement of
the electrical conductivity with respect to the original polyimide

precursor. The measured sheet resistances on the manufactured
LIG electrodes are 35–40 Ω/sq., obtaining similar values to those
reported in other works.[18,51]

2.4. ECG Electrode Performance

The evaluation of the performance of fractal-like LIG electrodes
was conducted by comparing them to commercial electrodes as
the reference. The goal was to extract parameters of interest, such
as the identification of heartbeats, using the R-peaks of each QRS
complex as a reference point. An example of the raw signals ac-
quired simultaneously using both types of electrodes, CH1 using
LIG fractal-like electrode (P2e-N2) and CH2 using a commercial
electrode, is shown in Figure 4A. As detailed in the Experimental
Section, prior to the identification and classification of the QRS
complexes, the algorithm applies a denoising step based on the
wavelet transform.[34] As depicted in Figure 4B, on the one hand,
this initial stage removes the low-frequency noise and wandering
of the signal (thus centering the signal in 0 V) and, on the other
hand, it also filters the high frequency components, smoothing
the signal and reducing the electrical noise at 50 Hz. After the
denoising step, the clustering algorithm identifies the different
peaks that compose the signal and classifies them into two dis-
tinct groups: R-peaks (from the QRS complex) and other waves.
For that, the relative amplitude of the peaks and the time interval
between them are used as features for the classification. For in-
stance, Figure 4C shows the identification of the R-peaks for one
of the acquired signals, where the frequency of the peaks is used
to extract the heart rate over time.
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Figure 4. A) Raw ECG signals are acquired simultaneously using two channels of the acquisition equipment corresponding to the fractal-like LIG electrode
P1f-S1 (CH1) and commercial electrode (CH2). B) ECG signal from electrode P1f-S1 before (top) and after (bottom) the denoising stage. C) R-peaks
identification on the ECG. D) Comparison of the two processed signals acquired from LIG electrode P1f-S1 (orange) and commercial electrode (blue).
E) Instantaneous heart rate extracted from the R-peak detection of the LIG electrode P1f-S1 ECG signal.

The signals acquired simultaneously for both fractal-like and
commercial electrodes are processed using the same conditions
for the identification of the R-peaks detailed in the Experimental
Section (Figure 4D). The higher the crest factor of the signals (ra-
tio between the amplitude of the R peak and the RMS value of the
signal[52]), the better the classification. In the case of the signals
of Figure 4D, this value is 31.07 dB for the LIG P1f-S1 electrodes
and 28.64 dB for the commercial ones, thereby demonstrating
a less noisy acquisition capability. Then, a comparison based on
the true/false positives and negatives is done to extract the differ-
ent figures of merit presented in Equations 1–4: sensitivity (Se),
specificity (Sp), positive predictivity (PP), and accuracy (A).

Detailed results of the performance of the LIG electrodes
with respect to the commercial electrodes are presented in the
Figures 5 and 6. In particular, Figure 5 shows the compari-
son of the LIG reference electrode (circular, Figure 5A) and
the electrodes with “natural snowflake” fractal-based designs
(Figure 5B–F). The results for these electrodes demonstrate a
similar performance in most cases, being all different figures of
merit higher than 95% in all cases. However, note that the sen-
sitivity of the natural fractal-based designs (P1e-N1 98.22% Se,
P1f-N1 99.60% Se, P1f-N2 98.62% Se, P2e-N1 96.79% Se, P2e-N2
97.21% Se) outperforms the sensitivity of both circular electrode
(96.58%) and commercial electrodes, while the rest of parameters
are very similar for all of them.

Furthermore, as detailed in Section 2.2, some of the natu-
ral snowflake’s structures were modified to obtain optimized
snowflake fractal-like electrodes for this purpose. Figure 6 pro-
vides the experimental results for the performance parameters
of the fractal-like stylized snowflakes electrodes, which exhibit

notable enhancements when compared with both the natural
snowflakes and circular electrodes. These improvements are evi-
dent in the increased values of sensitivity, specificity, positive pre-
diction, and accuracy, all of which surpass 98%.

The comparative analysis between all the flexible LIG elec-
trodes aimed at identifying the electrode with better performance
is depicted in Figure 7. As observed, the stylized geometries
not only result in higher average values for the different figures
of merit, but also exhibit less variability among subjects. This
enhanced performance and reduced variability is attributed to
the thicker and more robust design, resulting in a better trade-
off between improving contact robustness and reducing electri-
cal losses. Additionally, the more uniformly distributed electrical
surface accounts for the superior performance of stylized designs
characterized by interconnected patterns (P1f-S1, P1f-S2, and
P2e-S1) compared to designs based on independent branches
(P1e-S1). Specifically, the P2e-S1 design, featuring a hexagonal
plate snowflake pattern, demonstrates exceptional characteristics
across all figures of merit, including sensitivity (99.60%), speci-
ficity (99.99%), positive predictive value (99.62%), and overall ac-
curacy (99.93%).

In general, all these results demonstrate significant advance-
ments compared to previous research on flexible dry LIG
electrodes.[19–21] Such improvements can be attributed not only to
the inclusion of a standardized and reliable snap connection, sim-
plifying connectivity, and reducing fabrication steps, but also to
the superior signal acquisition quality introduced by the utiliza-
tion of some optimized fractal-like structures, as demonstrated
when comparing the results with those achieved for the CIRC-1
reference electrode.
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Figure 5. Comparison of the different figures of merit (Se: Sensitivity, Sp: Specificity, PP: Positive Preduction, A: Accuracy) the circular reference electrode
and natural snowflake LIG patterns with respect to the commercial electrodes extracted from the measurement of the eight subjects: A) CIRC-1, B) P1e-
N1, C) P1f-N1, D) P1f-N2, E) P2e-N1, F) P2e-N2.

3. Conclusion

This work presents the fabrication and surface area optimiza-
tion of ECG electrodes using laser-induced graphene (LIG). In
particular, we characterized electrodes with fractal-based geome-
tries inspired by both natural and optimized snowflake patterns,
which are laser-scribed directly on the surface of a commercial
flexible polyimide. Ten different electrodes were designed with
the same surface area, including five natural snowflakes, four
optimized snowflakes, and a circular electrode used as a refer-
ence. To evaluate the performance of the different designs, we
compared these electrodes together with commercial electrodes
(Ag/AgCl) in terms of sensitivity, specificity, positive prediction,
and accuracy. For that, we conducted simultaneous measure-
ments using two different channels of a portable electronic elec-
trocardiography device and analyzed the data with an algorithm
for QRS complexes detection, including a previous wavelet-based
preprocessing for denoising. The results show that the fractal-

like electrodes presented in this work allow the enhancement
of the acquisition quality of ECG signals with respect to tra-
ditional circular designs without any additional cost or extra
fabrication step. In addition, it is also demonstrated that the
more distributed geometries with reduced intricacies and in-
creased thickness in the printed lines effectively mitigates resis-
tive losses and increase robustness to skin contact, hence offer-
ing the best performance with sensitivity, specificity, positive pre-
diction, and accuracy values above 99.6% for the QRS complex
detection.

4. Experimental Section
Materials: The raw material for the synthesis of the LIG was the com-

mercial Kapton polyimide film from 3D-Drucker-Filament. The total thick-
ness of the film was 60 μm, with 25 μm of polyimide and 35 μm of adhe-
sive. To ensure a smooth surface, the film was stretched and pressed to
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Figure 6. Comparison of the different figures of merit (Se: Sensitivity, Sp: Specificity, PP: Positive Preduction, A: Accuracy) for the optimized snowflake
LIG patterns with respect to the commercial electrodes extracted from the measurements of the eight subjects: A) P1e-S1, B) P1f-S1, C) P1f-S2, D)
P2e-S1.

eliminate any undulations or bubbles on top of a 90 μm thick A4 white pa-
per sheet. The paper layer provides consistency to the electrodes, prevent-
ing the deformation of the polyimide as a consequence of the heat gener-
ated during the laser photothermal process and facilitating the placement
of the snap connector. The surface of the polyimide was cleaned afterward
with isopropyl alcohol from RS Pro©. Commercial silver/silver chloride
(Ag/AgCl) ECG electrodes from Ambu A/S, specifically the Ambu BlueSen-
sor VL:VL-00-S/25 electrodes, were used for comparison purposes. The
electrical connection to the electrode was performed using stainless steel
fastener snaps from RERI. These snaps have a diameter of 10 mm and
consist of a hollow prong eyelet on the front of the electrode’s terminal
and a male snap on the back.

Material Characterization: The microstructure of laser-induced mate-
rial was analyzed using a Scanning Electron Microscope (SEM) NVision40
from Carl Zeiss (Oberkochen, Germany) at an extraction and acceleration
voltage of 5 kV, otherwise noted.

A dispersive micro-Raman spectrometer JASCO NRS-5100 (Easton, PA,
USA) with a green diode (Elforlight G4-30; Nd:YAG, l = 532 nm) as exci-
tation source was used for the Raman spectra acquisition. The sampling
parameters were set to three accumulations with 30 s of exposure time.
The X-ray Photoelectron Spectroscopy (XPS) was carried out on a Kratos
Axis Ultra-DLD (Manchester, UK), using an X-ray (Al K𝛼 hv = 1486.6 eV)
power of 450 W in a vacuum chamber where the pressure was kept below
10−10 Torr.

For the electrical characterization, the sheet resistance was mea-
sured applying the method “In-Line Four-Point Probe with the Dual-
Configuration”[53] using the Universal Four-Probe station from Jandel and
the Source Meter Unit (SMU) B2902A from Keysight.

Electrode Fabrication: The adhesive polyimide thin film was placed on
top of an A4 paper sheet used as a substrate to improve its machinabil-
ity. Then, the surface was cleaned using isopropyl alcohol and dried for
1 min prior to the laser photothermal processing at ambient conditions.
The laser used was a PowerLine E-12-532 from Coherent, a galvanometric

laser with a wavelength of 532 nm with a laser resolution of 50 μm. The
adjustable parameters were set to: optical power 0.8 W, scan speed of the
beam 40 mm s−1, frequency 50 kHz, and focus point 270 mm. This laser
fluence allows for the lowest sheet resistance without damaging neither
the polyimide film substrate nor the paper below.[54] A fume extractor was
located nearby to absorb the smoke generated during the laser photother-
mal process. After the laser-scribing of the LIG electrode, it was equipped
with a standard snap male connector. As done for snap buttons on fabric,
the connector was placed by sandwiching the electrode terminal between
the two metallic pieces of the snap connector (Figure 1B). For that, the
prongs of one piece were inserted through the substrate and then secured
into the other piece by using a standard pair of snap pliers. This process
ensures a robust electrical contact with the LIG layer without the need for
pre-existing cuts or holes. Finally, an insulator lacquer was applied to the
terminal to avoid the contact with the patient’s skin.

Electrodes Performance Characterization: The acquisition of the ECG
signals was performed using a Biosignals Researcher Kit portable equip-
ment with two three-lead local differential ECG electrodes (from PLUX
wireless biosignals S.A.). The acquired signals were sent to a computer
via Bluetooth using the software OpenSignals (r)evolution (from PLUX
wireless Biosignals S.A.) and post-processed in Matlab.

A total of eight healthy volunteers with an age range from 20 to 30 years
old and a weight range from 45 to 80 kg participated in this study. All ex-
periments were conducted in accordance with the Declaration of Helsinki.
All human participants took part in the experiments voluntarily with in-
formed written consent. No further ethical approval was required for this
study. The measurements were performed using two channels (CH1-CH2)
on the measuring device: CH1 for the LIG electrodes and CH2 for the
commercial electrodes. The signals were acquired simultaneously by po-
sitioning the electrodes on the body according to Einthoven’s triangle
derivation I,[35] see Figure 1E. Both pairs of electrodes (LIG and commer-
cial) were placed on the wrists of the volunteer (left arm positive, right arm
negative). Finally, a commercial reference electrode was positioned on the
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Figure 7. Comparison of the figures of merit extracted from the measurements of the eight subjects for the different LIG electrodes: circular (reference)
and both natural and stylized snowflakes patterns.

left ankle. All ECG signals were recorded for at least 2 min in the software
OpenSignal and analyzed in the Matlab algorithm for 60 s.

The processing of the ECG signals was performed using a modified
version of the clustering-based algorithm proposed by Castillo et al. to
both filter the signal and detect the QRS complexes.[55] This algorithm,
designed to be implemented in portable devices, uses the discrete wavelet
transform (DWT) to remove the low-frequency components of the signal
(0–1 Hz) and filter the higher frequencies (>31.25 Hz) while maintain-
ing the frequency range of interest unchanged.[56] Once the signal was
filtered, the second stage of the algorithm applies a clustering method
to classify the amplitude of the local maxima followed by a local mini-
mum into two clusters, distinguishing QRS complexes from noise and
other waves (instead of three cluster classification as was done in the
original algorithm proposed by Castillo et al. for fetal ECG[55]). This
technique proposed by Castillo et al. and the modified version used in
this paper are more effective in identifying R peaks compared to tradi-
tional threshold-based algorithms. It can accurately detect QRS complexes
with varying amplitudes between the RS peaks and avoid identifying T
waves with large amplitude as R peaks, reducing false negatives and false
positives.[20]

The different performance parameters were calculated as follows[57]:
1. Sensitivity (Se).

Se (%) = TP
TP + FN

× 100 (1)

2. Specificity (Sp).

Sp (%) = TN
TN + FP

× 100 (2)

3. Positive predictivity (PP).

PP (%) = TP
TP + FP

× 100 (3)

4. Accuracy (A).

A (%) = TP + TN
TP + TN + FN + FP

× 100 (4)

where TP (true positive) represents the correct detected peak, the FP (false
positive) represents the falsely identified peak, and FN (false negative) rep-
resents the misidentified peak as other noise.
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