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Abstract—Commercial gel ECG electrodes have a limited
lifetime of operation and metal dry electrodes are rigid and
noisy. In this study, we developed flexible dry ECG elec-
trodes in different shapes and sizes using an inkjet printing
(IJP) technology. As an additive manufacturing technique,
IJP provides the flexibility to personalize the shape and size
of electrodes with rapid prototyping. IJP ECG electrodes
were fabricated on flexible polyimide substrates using silver
nanoparticle inks for the conductive layer and a custom poly-
mer ink of poly(4-vinylphenol) (PVP) for the insulator layer.
The maximum and minimum diameters of the electrodes were
21 and 9 mm, respectively. The thickness of IJP electrodes
was 2 £+ 0.5 um. Various tests were performed for feasibility,
including changing electrode position, and subject’s activity
such as resting, standing, and walking using IJP ECG elec-
trodes simultaneous with clinical standard gel electrodes,
which provides an accurate comparison. Compared to the
gel electrode, the circular shape IJP electrode was more
promising than rectangular and square shapes as it showed
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more coherence to the gel electrode. IJP electrodes with different diameters were compared along with the gel electrode
and the result demonstrated that the IJP electrode with a diameter of 21, 19, and 16 mm shows almost similar performance
as the gel electrode. Considering ECG signal quality, IJP electrode with a diameter of 19 mm was the optimal size. These
IJP dry electrodes can be usable in ECG wearable as it is flexible, reusable, and can be used for a long time.

Index Terms— Dry electrodes, ECG monitoring, flexible, inkjet printing (IJP), silver nanoparticle ink, wearable sensors.

. INTRODUCTION
LECTROCARDIOGRAPHY is the standard, fastest, and
E simplest clinical method to assess cardiovascular condi-
tions by producing an electrocardiogram (ECG/EKG). ECG
records the strength and timing of the electrical activity of
the cardiovascular system, which is captured by the electrodes
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placed on the skin. Due to cardiac muscle depolarization
followed by repolarization during each cardiac cycle, small
electrical changes occurred, which are detected by ECG elec-
trodes [11, [2], [3], [4], [5], [6]. ECG is a low-frequency signal
ranging from 0.5 to 100 Hz, typically recorded in a graph of
voltage versus time showing each phase of the electrical signal.
Each cardiac cycle is familiar as the heartbeat equivalent to
each wave of ECG signal.

In the early days, ECG monitoring devices had vacuum
tubes and water buckets, which made them larger and non-
portable [2], [3]. ECG monitoring devices are now advanced,
small, lightweight, portable, and comfortable. Patients can
now monitor their heart activity outside of the hospital or
clinic under various environmental conditions, which hap-
pened with the evaluation of technology [2], [3], [4]. With-
out a reliable ECG recording, it is not possible to achieve
an accurate diagnosis. A proper skin—electrode contact can
provide a good quality ECG signal for a reliable recording,
and therefore, it is important to be careful when selecting elec-
trodes [5], [6], [7], [8], [9], [10], [11]. For long-term remote
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monitoring, an appropriate biopotential electrode is needed
considering the signal quality and user comfortability. For
physiological signal monitoring wet electrodes, semidry elec-
trodes and dry electrodes are commonly used [7]. To obtain
a proper electrical connection between the skin and the sil-
ver/silver chloride (Ag/AgCl) layer, a conventional wet elec-
trode contains an electrolytic gel [8]. Although the clinically
used wet gel electrode is considered the standard electrode,
this electrode is disposable and is not suitable for long-term
physiological signal monitoring as the gel dries out over time,
which degraded the signal quality [9], [10], [35], [36], [37].
Erickson et al. [38] demonstrated that signal quality was
frequently wet electrode signal quality, which was frequently
seen to slightly deteriorate over the course of a 2-3-h experi-
ment because of the adhesion mechanism results in decreasing
skin—electrode impedance over time. Wet gel electrode is not
comfortable for the user as skin irritation might occur because
gel and skin preparations are needed such as removing hair and
cleaning the skin with alcohol, before placing the electrodes.
Contact and noncontact dry electrodes can be used to mitigate
the discomfort of using wet gel electrodes, but the noncontact
electrode captured biopotential signal has artifacts as it is
capacitively coupled to the skin [11], [12], [13].
Development toward contact dry electrodes are promising
and researchers are getting the same quality biopotential
signal compared to wet gel electrode using dry contact
electrode [14], [15]. A dry long-term monitoring ECG
electrode was fabricated using carbon nanotube (CNT)/
polydimethylsiloxane (PDMS), which was compatible
with both conventional ECG and wearable devices [16].
A hydrophobic dry ECG electrode was developed with a
mixture of carbon black powder (CB) and PDMS for both
dry and water-immersed conditions [17]. PEDOT:PSS-based
dry textile was reported for wearable ECG monitoring [18].
The recent focus on sensor development is to make it
flexible, reusable, low cost, and give the user more comfort,
which is proof of the growing market demand for flexible elec-
tronics devices [19], [20]. To make the medical service more
efficient, fully flexible dry contact ECG electrodes would be
promising in terms of user comfortability, sensor reusability,
and long-term use for long-term ECG monitoring [21]. For
microelectronics fabrication, inkjet printing (IJP) is the low-
cost promising technique [22], [23]. Inkjet-printed electrodes
were developed using copper and silver material on plastic
and tattoo paper substrates, respectively, for ECG monitoring
in personalized and ubiquitous healthcare [24]. Our research
laboratory previously fabricated flexible electronics low-cost
IJP respiration sensor and ECG electrode using three types
of ink (25% silver, 40% silver, and 35 polypyrroles) on
paper and polyimide substrate [25], [26]. We investigated gel
electrode performance degraded over time by comparing gel,
metal, and IJP electrode performances at the beginning of data
collection and after 9 h of data collection [26]. Our fabricated
IJP electrodes were stable until 9 h; on the contrary, gel
electrode performance degraded over time. We also developed
an ultralow-power inductively coupled wearable ECG sensor
with inkjet-printed dry electrodes, where IJP electrodes were
printed on paper using Ag nanoparticle ink [27]. Long-duration
IJP dry electrodes in that sensor provide us long time usability.

In this study, we developed ECG electrodes and optimize
electrode size and shape, as the electrode—skin impedance is
directly related to the interfacial area. We fabricated flexi-
ble, reusable, low-cost, long-time usable ECG electrodes in
different shapes and various interfacial areas using the IJP
technology with Ag B40G and Ag A211 conductive material.
We also used a custom-made PVP nonconductive material
for the insulation layer. We collected real-time Lead I ECG
using our fabricated IJP electrodes along with the commercial
gel electrode and compared the electrode’s performance. For
feasibility testing, we changed the position of the electrode and
collect data at different activities such as resting, standing, and
walking. In this work, we aimed to minimize the area size of
the IJP electrodes without compromising the signal quality.

Il. MATERIALS AND METHODS

A. Inks

Electrodes were fabricated using JS-B40G and JS-A211
silver nanoparticle ink (manufactured by Novacentrix Inc.,
USA) for conductive layer printing and a custom-made poly
(4-vinylphenol) (PVP) ink for insulation layer printing.
JS-B40G silver nanoparticle ink contains 40% silver nanoparti-
cle by weight, where the silver concentration is 30%—60% with
0%-20% diethylene glycol monobutyl ether solvent. The
viscosity of this ink is 8-12 cP at 25 °C resulting in a
surface tension of 28-32 dyne/cm. The Z-avg particle size
of JS-B40G ink is 60-80 nm with a specific gravity of 1.56
(Metalon! JS-B40G datasheet, Novacentrix Inc.). JS-A211
silver nanoparticle ink also contains 40% silver nanoparticle
by weight, where the silver concentration is 25%-45% with
10%—40% diethylene glycol solvent, which made this ink more
adhesion to the substrate. At 25 °C, the viscosity of this ink
is 8-12 cP and the surface tension is 28-32 dyne/cm. With
the specific gravity of 1.6, the Z-avg particle size of JS-A211
ink is 30-50 nm (Metalon JS-A211 datasheet, Novacentrix
Inc.). A custom PVP ink was used for printing the insulation
layer. This PVP ink was prepared in three steps. In the first
step, the ink was formulated using a mixture of dissolved
5% wt PVP powder (Sigma Aldrich 436216) and 0.77% wt.,
Poly (melamine-co-formaldehyde) (Sigma Aldrich 418560).
Then, in the second step, the mixture was dissolved in hexanol
(Sigma Aldrich 471402). As a final step, a bath-type sonicator
was used for ~20 min to disperse the PVP until the solution
turned transparent and the boiling point of this ink is 118 °C.

B. IJP Process

A PC-controlled Dimatix Materials Printer (DMP-2850,
FujiFilm Inc., USA) was used to fabricate the IJP ECG
electrodes in different shapes and area sizes on polyimide
substrates. This printer has MEMS-based printer cartridge
with 16 printing nozzles that are arranged linearly at 254-pum
spacing. The number of printing nozzles can be selected based
on printing requirements. In the Dimatrix drop manager appli-
cation, the cartridge temperature can be controlled by setting
the nozzle head temperature. Printing platen temperature can
also be increased up to 60 °C. By using the fiducial camera,

1 Registered trademark.
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Fig. 1. IJP fabrication process showing the relation between ink droplet,
drop spacing, and printing direction.
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Fig. 2. (a) Layouts of IJP electrodes in circular, square, and rectangular
shapes with 348-mm? area. (b) Layouts of IJP electrodes with diameters
21,19, 16, 13, and 9 mm.

we can visually monitor the ink jetting and printed pattern in
the Dimatrix drop manager application.

Fig. 1 shows the IJP fabrication process and the relation
between, ink droplet, drop spacing, and printing direction.

In the IJP process, the ink is ejected from the cartridge
nozzle drop by drop in the left-to-right printing direction
for this printer. In the IJP process, the volume and speed
of ink droplets are related to the piezoelectric actuation,
which is controlled by pulsating voltages, waveforms, jetting
frequencies, jetting height, meniscus setpoint, and the size of
the nozzle.

C. IJP Electrodes Layouts

As ECG electrodes’ performances are dependent on elec-
trode interfacial area to compare our fabricated electrodes’
performance accurately with commercial gel electrode (Red
Dot Electrodes 2560, 3M, Maplewood, MN, USA), we keep
our circular, square, and rectangular electrodes size the same
as 3M red dot 2560 gel electrode’s size, which is 348 mm?.
The first electrodes are designed in a circular, square, and
rectangular shape with an area size of 348 mm?, which is
shown in Fig. 2(a). To find out the optimum area size of the
IJP ECG electrodes without compromising the ECG signal
quality, we designed our electrode’s area size to decrease by
20%, 40%, 60%, and 80% of 348 mm?. Fig. 2(b) shows the
layout of the IJP electrodes with area size 348 mm”> (D =
21 mm), 278 mm? (D = 19 mm), 209 mm? (D = 16 mm),
139 mm? (D = 13 mm), and 70 mm? (D = 9 mm). In the
layouts, we can see that in our ECG electrode design, the
electrode is connected to a 3 x 3 mm pad through a trace
where the trace is 10 mm long and 2 mm wide. Pad is used
in this design to connect the wire to the electrode.
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Fig. 3.  Schematic of IJP electrode’s fabrication process through
steps 1-7. After step 7, the image of our fabricated IJP electrode and
flexibility of IJP electrodes.

D. IJP Electrodes Fabrication Process

A DMP-2850 printer with a 10-pL DMP cartridge was used
for our IJP ECG electrode fabrication. During printing, our
cartridge head angle was set at 3.4°, which resulted in 15-um
drop spacing with 1693-dpi printing resolution. We kept the
platen and the cartridge at room temperature. All 16 printing
nozzles of the cartridge were used during printing. The jetting
voltage was 25 V for both silver nanoparticle and PVP inks.

The schematic of our IJP electrode fabrication process is
shown step by step in Fig. 3. A polyimide substrate was
used for our IJP electrode fabrication. First, we cleaned the
substrate with isopropyl alcohol to remove any dust from it.
Then, using a DMP printer, silver nanoparticle ink was injected
into the substrate to fabricate the conductive layer, which is
shown in step 2 of Fig. 3. The circular, square, and rectangular
shape 1JP electrodes conductive layer was fabricated using
Ag B40 ink deposition on a 50-um-thin polyimide substrate.
Electrodes with a diameter of 21-, 19-, 16-, 13-, and 9-mm
conductive layer fabrication were performed using Ag A211
ink deposition on a 25-um-thin polyimide substrate. After
printing the conductive layer, in the next step, we cured it in an
oven. We performed thermal curing using a Thermo Scientific
Heratherm Oven (Thermo Fisher Scientific Inc., MA, USA).
Silver B40 printed electrodes were cured at 250 °C for 15 min
as it is a high-curing temperature ink. The minimum curing
temperature of Ag B40 is 180 °C, while Ag A211 ink was
cured at 200 °C temperature for 30 min.

For precise comparison of electrodes area with diameters
of 21, 19, 16, 13, and 9 mm, the trace area was covered
with nonconductive material PVP to avoid adding a 20-mm?
trace area. For insulation layer printing, the trace width and
length were 4 and 10 mm, respectively. Steps 4 and 5 of Fig. 3
illustrate the printing and curing of PVP ink for the insulation
layer, respectively. Three coatings of PVP were printed and
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TABLE |
SUBJECTS INFORMATION
Subject | Age Gender | Height Weight | BMI
No. (cm) (Ib)
1 29 Female | 162.56 119 20.4
2 28 Male 182.88 198 26.9
3 29 Female | 160.02 143.3 253
4 29 Male 172.72 154.3 234
5 27 Female | 154.94 130 26.4
(a) Ground
eleclrode
> - Gel 1P P p
| % circular square rectangular
. RA ° ! 1A D ©
P : 1P
electrode electrode
D=19mm D=21mm
Fig. 4. (a) Schematic of Lead | electrode placement for data collection.

(b) Gel, IJP circular, IJP square, and IJP rectangular electrodes are
placed in the arm for data collection. (c) Gel and IJP electrodes with
diameters of 21 and 19 mm are placed in the arm for data collection.

then cured at 180 °C temperature for 1 h. High-conductivity
silver epoxy paste (Model: 8331DTM, MG Chemicals) was
used to connect wires to the IJP electrode pads. 8331-A, and
8331-B was mixed properly in equal amount and then applied
it. After applying silver epoxy, we cured it at 100 °C for 1 h to
make the wire connection stable. Fabricated 1JP dry electrodes
are shown after step 7 of the fabrication process. By pinching
electrodes between fingers, the flexibility of these electrodes
is demonstrated.

E. ECG Data Collection

1) Subjects: For this study, we have collected data from five
healthy volunteers. All volunteers consented to be subjects
of the experiment. This study protocol was approved by
the Institutional Review Board (number: IRB2020-783) at
Texas Tech University. Table I contains the information of the
subjects such as age, gender, height, weight, and BMI.

2) Equipment: Commercial gel electrodes (Red Dot Elec-
trodes 2560, 3M, Maplewood, MN, USA), and our fabricated
inkjet-printed flexible dry ECG electrodes in different shapes
and different diameters are used in Lead I ECG data collec-
tions. For the hardware setup, we have used Arduino Uno,
ADS8232, a breadboard, and jumper wires. AD8232 is a single
lead ECG sensor manufactured by Sparkfun electronics.

3) Protocol: We used Lead I ECG placement for data
collection. We placed all the test data collected simultaneously
using a 3M red dot gel electrode and our IJP electrodes
for accurate performance comparison. Fig. 4(a) shows the
electrode placements for our Lead I ECG data collection.
We place our electrodes in the left arm (LA) and the right
arm (RA), and the reference electrode was placed in the hand.
Fig. 4(b) and (c) shows that gel and IJP electrodes are attached
to the LA arm for data collection.

F. Statistical and Temporal Analyses
For statistical analysis, signal-to-noise ratio (SNR), kurtosis,
and skewness were calculated from our collected ECG data.
1) SNR: It is the ratio of signal power to noise power. For
calculating SNR, we used the following equation:

Asian
SNR = 20log,, —222

: (1)
noise

where Agignal is the rms amplitude of the signal and Apise is
the rms amplitude of noise [28]. A low-pass filter with a cutoff
frequency of 15 Hz was used to eliminate high-frequency noise
such as powerline noise (60 Hz) and motion artifact noise
(20-1000 Hz), which is a common type of noise for ECG
signals [29], [30], [31], [32]. To calculate the noise present in
the raw ECG signal, we subtracted the filtered signal from the
raw signal. Then, we calculated the SNR using (1).

2) Kurtosis and Skewness: This statistical measurement
describes how heavily the tails of distribution differ from the
tails of a normal distribution [32], [33]. To measure the lack
of symmetry in the distribution of the data, we have used
skewness. We have calculated the kurtosis and skewness by
the following equations:

N n L —_ 4
Kurtosis = %Z(—Zizl (:4[ & ) 2

(2 i~ T
Skewness = - 2(3—3 3)

where n is the sample size and X and s are the mean and
standard deviation of the samples, respectively.

For temporal analysis, we calculated IBI, BPM, SDNN, and
PNNS50.

3) Inter-Beat Intervals (IBl): It is a segment that represents
time (ms) between adjacent R-R intervals.

4) Beat Per Minute (BPM): 1t is the total number of heart-
beats in 1 min.

5) SDNN: 1t is the standard deviation of normal-to-normal
beat intervals, which is also referred to as the standard
deviation of IBI.

6) PNN50: 1t is defined as the average number of consecu-
tive normal sinus (NN) intervals that change more than 50 ms.

I1l. RESULTS AND DISCUSSION

A. Ink Characterization

Thermal behavior, particle size, and contact angle of the ink
droplets on the polyimide film surface were analyzed for B40
silver nanoparticle ink. Thermogravimetric analysis (TGA)
revealed that the dried temperature for B40 ink is 400 °C [see
Fig. 5(a)]. After cooling from 500 °C, silver B40 crystallized.
The nanoparticle size measured by dynamic light scattering
(DLS) displayed bimodal peaks with ~10 and 70-100-nm
average diameters for B40 silver ink [see Fig. 5(b)]. The ink
affinity on the flexible polyimide (PI) substrate was evaluated
by measuring the contact angle of the ink droplets. Silver
droplets showed extremely small contact angles on PI sub-
strates indicating good printability [see Fig. 5(c)].
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Fig. 5. Measurement of the ink droplets on the polyimide film surface.
(a) TGA for thermal behavior analysis, (b) nanoparticle size measured
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Fig. 6. Fabricated IJP circular electrodes using B40 silver ink in different
shapes: (a) circular, (b) square, and (c) rectangular.

B. Fabricated IJP Electrodes

Fig. 6 shows the fabricated ECG electrodes in circular,
square, and rectangular shapes fabricated using silver B40
nanoparticle inks. The sheet resistance of these electrodes
was measured using Ossila, a four-point probe system for
sheet resistance measurement (Ossila Ltd., Sheffield S4 7WB,
U.K.) The sheet resistance of IJP ECG electrodes with B40
conductive layer in circular, square, and rectangular shapes
was 40 = 5 mQ/sq.

Fabricated ECG electrodes of different area sizes with
silver A211 conductive layer and the PVP insulation layer
are shown in Fig. 7. The sheet resistances of these electrodes
were 15.8 £+ 3 m€/sq with silver A211 conductive layer. The
conductive trace of these electrodes was covered with a printed
PVP insulation layer, which made the interfacial side of the
trace nonconductive.

C. ECG Data Analysis of Collected Data

Five seconds of raw ECG signals of our collected data are
shown in Fig. 8, which were collected using gel electrodes
and IJP electrodes in circular, square, and rectangular shapes
simultaneously. By visualization, the ECG signal of all four
electrodes was similar, and therefore, we performed statisti-
cal, spectral, and temporal analysis to find the shape effect
on ECG signal quality. The spectrogram is a popular way

/ =
. K 1
/Smm 5 mm _Z 5 mm >
,: D=21 11\1111 D=19 mm D=16 mm
i .
1 b4
" 3 (d) ry T (e) P =
10 mm "5 mm 15 mm .-
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Fig. 7. Fabricated IJP circular electrodes using A211 silver ink in
different diameters: (a) 21 mm, (b) 19 mm, (c) 16 mm, (d) 13 mm, and
(e) 9 mm. An insulation layer was printed using PVP ink on the trace to
make it nonconductive.

ECG Signal Using Different Shape Electrode

Gel

— IJP circular

IJP square

IJP rectangular

T 500 pv

Amplitude(mv)

Time (s)

Fig. 8. Raw ECG signal collected using gel electrodes and IJP
electrodes in circular, square, and rectangular shapes with Ag B40 ink
conductive layer.
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Fig. 9. Spectrogram of ECG signal collected using circular, square, and
rectangular IJP electrodes and gel electrodes.

to show a time—frequency analysis from which we observe
signal strength, and magnitude square coherence provides
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Fig. 11. Raw ECG signal collected using gel electrode and our fabricated IJP electrode in different diameters: (a) [JP D =21 mm, I[UP D = 19 mm,

(b) IP D =21 mm, IJP D = 16 mm, (c) P D = 13 mm, and (d) P D =

electrode.

information regarding the correlation between IJP and gel
electrode performance.

Fig. 9 represents the spectrogram of our collected ECG data
using gel and different shapes of IJP electrodes. The color bar
represents the signal strength in dB. The spectrogram resulted
in the signal strength of the IJP rectangular electrode being
weaker than other electrodes. IJP rectangular and IJP circular
signal strength was almost the same as gel electrode signal
strength. Gel electrodes captured 60-Hz powerline noise than
at the beginning of data collection, while IJP electrodes did
not capture powerline noise, which is shown in Fig. 9.

To analyze the similarity between two signals over fre-
quency, magnitude square coherence was calculated between
the gel electrode and our fabricated IJP electrodes in different

9 mm. (e) Example of reusability of IJP electrodes. (f) Water test of IJP

TABLE Il
PERFORMANCE ANALYSIS FOR DIFFERENT SHAPES OF ELECTRODE

Domain | Parameters Gel 1JP P Jp
Circular | Square | Rectangular
Statistical | SNR (dB) | 21.86 22.03 21.04 21.58
Measure Kurtosis 6.21 6.56 6.23 6.3
Skewness 1.69 1.72 1.71 1.48
Temporal IBI 731 731 731 731
Measure BPM 81 81 81 81
SDNN 76 76 76 75
PNNS50 0.15 0.15 0.15 0.17

shapes, which is shown as a plot in Fig. 10(a)—(c). To imple-
ment this plot, we used the mscohere function in MATLAB.
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Magnitude square coherence provides a result between 0 and 1,
where O represents the lowest coherence and 1 is consid-
ered the highest coherence. Compared to IJP square and IJP
rectangular, the signal of IJP circular was more coherent
as, for 0-80-Hz frequency, coherence was 1. IJP square
electrodes captured low-frequency noise, which is the most
troublesome noise known as muscle artifacts or EMG noise
that occurred due to muscle electrical activity [33]. The
frequency range of EMG noise is from 1 to 15 Hz. IJP rect-
angular electrodes inducing more high-frequency noise such
as electrode motion artifact (EMA) noise ranging between
20 and 1000 Hz occurred due to the electrode motion as
rectangular electrode has larger corner and attachment at the
edge of hand [39]. In terms of shape, IJP circular shape
electrode is more promising as it captures less EMG and EMA
noise.

Statistical and temporal measurements of gel electrodes and
our fabricated IJP electrodes in three shapes are contained
in Table II. IJP circular electrode achieved the highest SNR
(22.03 dB) than other shapes electrodes and gel electrode.
Le et al. [32] investigated dry electrode signal quality that
the ECG signal with high kurtosis is less noisy. Kurtosis and
skewness are calculated using the MATLAB statistical analysis
toolbox. In our study, IJP circular kurtosis is highest at 6.56.
We used the PySiology python package for temporal analysis.
As all the data are collected at the same time IBI and BPM are
the same for all electrodes. There is no significant difference
between SDNN and PNNS50.

The example ECG signals of our collected data using
gel electrodes and our fabricated IJP electrodes in different
diameters in circular shape are plotted in Fig. 11(a)—(d).
We presented reusability [see Fig. 11(e)] and water test [see
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Fig. 15. Raw ECG signal in different activities using gel electrode and IJP electrode: (a) subject was in standing position, (b) subject was walking,

and (c) subject was doing body stretching.

Fig. 11(f)] of 1JP electrodes. Fig. 11(a) and (b) resulted that
the IJP electrode with a diameter of 21, 19, and 16 mm shows
similar ECG signals as the gel electrode signal. The ECG
signal was collected using the IJP electrode with a diameter
of 13 and 9 mm, providing poor quality ECG signal [see
Fig. 11(c) and (d)]. IJP electrode with a diameter of 9 mm is
too small to capture the ECG signal properly [see Fig. 11(d)].
An electrode just after the fabrication image and after 20x
used image is shown in Fig. 11(e), which proves the reusability
of IJP electrodes. The IJP ECG electrodes were tested for
bending cycles of over 100k using a stepper motor-based test
setup that did not show any degradation of 1JP electrodes that
proved the flexibility of IJP electrodes. Fig. 11(f) shows the
water test of IJP electrodes where the IJP electrode was in the
water in a beaker. Electrodes were kept in the water for one
month.

Fig. 12 shows the magnitude square coherence between the
gel electrode and our fabricated IJP electrodes in different

diameters. 1JP electrodes with diameters of 21 and 19 mm
were more coherent for 0-80-Hz frequency providing coher-
ence close to 1 [see Fig. 12(a) and (b)]. IJP electrode with
a diameter of 16 mm little bit less coherent between 5 and
15 Hz [see Fig. 12(c)]. Fig. 12(d) and (f) shows that the IJP
electrodes with diameters of 13 and 9 mm showed the worst
coherence in low frequencies. From Fig. 12, it is clear that,
after a certain size, reducing the diameter severely impacts the
performance. This can be due to the fact that the smaller size
electrode does not have sufficient contact between the skin
and the electrode to capture enough signal, which reduces the
amount of signal propagations and increases the resistivity of
the electrode leading to a weaker ECG signal.

The spectrogram analysis of different diameters of elec-
trodes is shown in Fig. 13. Gel electrodes captured more
power line noise than IJP electrodes with a diameter of
21 and 19 mm, which is visible in Fig. 13(a). Low-frequency
signal strength of IJP electrodes with diameters of 21, 19, and
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TABLE IlI
PERFORMANCE ANALYSIS OF DIFFERENT SIZE ELECTRODES
ALTERNATING ELECTRODE POSITIONS FOR LEAD |
DATA COLLECTION

Test | Electrode Electrode SNR Kurtosis | Skewness
No. Type at Diameter (dB)
position (mm)
(edge,
middle,
side)
1 Gel 21 20.94 6.48 1.59
1JP 21 21.03 6.69 1.68
1JP 19 21.17 6.52 1.60
2 1JP 21 21.26 6.81 1.72
Gel 21 21.13 6.51 1.56
1JP 19 21.68 6.70 1.48
3 1JP 19 21.59 6.54 1.74
Gel 21 21.05 6.20 1.53
1JP 21 21.45 6.51 1.62
4 Gel 21 20.91 6.27 1.62
1JP 19 20.77 6.31 1.73
1JP 21 20.91 6.78 1.81
5 1JP 21 21.32 6.71 1.83
1JP 19 21.65 6.46 1.66
Gel 21 20.95 6.12 1.60
6 1JP 19 21.6 6.15 1.67
1JP 21 21.36 6.43 1.73
Gel 21 21.08 6.04 1.51

16 mm is almost the same as gel electrode signal strength,
which is visually seen in Fig. 13(a) and (b). The noise strength
is stronger in ECG data collected using IJP electrodes with a
diameter of 13 and 9 mm [see Fig. 13(c)].

Fig. 14 shows the segmented individual heartbeat of
20000 samples using the NeuroKit2 python package. Seg-
mented heartbeat collected using an IJP electrode with a
diameter of 21 mm is less noisy than other electrodes [see
Fig. 14(b)]. The gel electrode and the IJP electrode with a
diameter of 19 mm showed an almost similar waveform [see
Fig. 14(a) and (c)]. IJP electrode with a diameter of 16 mm
is a little noisy [see Fig. 14(d)], but the IJP electrode with
13 and 9 mm captured a lot of noise [see Fig. 14(e) and (f)].
IJP electrodes with diameters of 21, 19, and 16 mm are
showing similar individual heartbeats with less noise as gel
electrodes.

Lead I data were collected using 1JP electrode and gel elec-
trodes simultaneously for accurate comparisons. We changed
the electrode position alternatively and observed difference in
ECG signal quality. Tests 1-6 were performed by changing
the position of the gel and IJP electrode with diameters of
21 and 19 mm. A statistical measurement of changing elec-
trode position is present in Table III. There is no significant
difference due to the change of electrode positions. While
the functionality is the same, gel electrode is not as durable,
as comfortable as our IJP electrodes as it is sticky, causes skin
irritation, and needs skin preparation for hairy skin.

The SNR of IJP electrodes with diameters of 16, 13,
and 9 mm was 19.3, 16.23, and 12.8 dB, respectively. 1JP
electrodes smaller than 16 mm in diameter showed low signal
strength. The electrode size to smaller than 16 mm was less
coherent, noisy, and in some cases unable to capture the ECG
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Fig. 16. Raw ECG signal collected using gel electrodes and IJP

electrodes with a diameter of 19 mm after keeping IJP electrodes in
water for a month.
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Fig. 17. Raw ECG signal collected using gel electrodes and IJP

electrodes with a diameter of 19 mm after 50 000 cycles of bending
of IJP electrodes.

signal properly. Fig. 15 shows the raw ECG signal when the
subject was in standing, walking, and stretching positions.
In a standing position compared to the gel electrode, our
fabricated IJP electrode captures less noise, which is presented
in Fig. 15(a). From Fig. 15(b) and (c), we can see that there
is visible low-frequency oscillation when the subject was
walking and doing body stretching, which is less in the case
of 1JP electrodes compared to gel electrodes. Due to body
movements, there are motion artifacts and EMAs present in
these ECG signals. In that case, our proposed IJP electrodes
can be used in ECG data collection during physical activity
for reliable ECG.

Fig. 16 shows the ECG signal of gel electrode and IJP
electrode of diameter 19 mm. The electrode used for these data
collected was kept in water for a month and then used it along
with gel electrode to collect ECG data. The sheet resistance
of the IJP electrode’s conductive layer was 15.8 £ 3 m€Q2/sq
just after fabrication. After keeping the IJP electrode for one
month in the water, the sheet resistance changed to 18.2 +
1.2 m/sq. Although there is a slight change in resistance,
there is no significant difference in ECG after keeping 1JP
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TABLE IV
COMPARISON OF OUR PROPOSED DRY ECG ELECTRODE WITH RELATED PUBLISHED ARTICLES
Material Substrate | Fabrication Shape and Thickness Resistivity/ SNR | Reusability | Bending | Comfort Skin Ref
methods Size Conductivity | (dB) test response
Copper Polyimide FPCB Circular N/A N/A 7.87 yes yes yes No [40]
D=2.1cm + reaction
3.36
CNT PDMS Dispersing Circular 3 mm ~1S.m’! 45.8 yes N/A N/A No [16]
D=4cm reaction
PEDOT:P | Polyureth Screen Rectangular N/A 5 Q/sq 15.42 N/A N/A yes No [41]
SS ane(PU) printing 2 cm reaction
nanoweb x 8 cm
T-shirt
Silver Tattoo Inkjet Circular 10 um N/A 19.3 N/A N/A yes N/A [24]
paper printing D=25 mm
Ag, PET Screen Circular 284.7411. | 938.8 mS/sq N/A N/A N/A yes N/A [42]
MWCNT/ printing D=16 mm 3 um
PDMS
composite

Silver- Woven Embroideri | Rectangular 2 mm N/A 40.9 N/A N/A yes No [43]

plated fabric ng 40 mm reaction

yarns X 20 mm

Silver, Polyimide Inkjet Circular 2+£0.5 158+3 21.68 yes yes yes No Proposed

PVP Printing D=19 mm pum mQ/sq reaction

——Gel,D=21 mm Fig. 18 shows the collected raw ECG signal using gel
200 pv — WP,D=19mm electrodes and our fabricated dry IJP electrode with a diameter
of 19 mm. Although the electrodes were used after six months
of their fabrication, IJP electrodes capture similar ECG as dry
. \ [ r ’ electrodes.
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gel electrodes. IJP circular and IJP rectangular electrodes
were more coherent with gel electrodes. Data were collected

0 1 2 3 4 5 simultaneously; therefore, there was no significant difference
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Fig. 18. Raw ECG signal collected using commercial gel electrodes and
our custom IJP electrodes with a diameter of 19 mm after six months of
fabrication.

electrode in water for a month, which is shown in Fig. 16.
To demonstrate the durability of our IJP electrode, the ECG
signal of IJP electrodes with diameter 19 mm after 50000
bending cycles is shown in Fig. 17. IJP electrodes were bent
in 10 mm diameter for 50000 cycle times. Fig. 17 shows that
the ECG signal collected using IJP electrodes after 50000
cycles bending almost similar to gel electrodes’ ECG signal.

Comparison of our fabricated IJP dry ECG electrode with
related published article on dry ECG electrode is presented in
Table IV. Our IJP electrode is reusable, and we also proved the
durability of our electrode by performing a bending test. Our
IJP electrodes did not show any skin irritation, comfortable to
the users and able to capture ECG in physical activity such as
walking and stretching.

in temporal analysis, but in terms of SNR, kurtosis, and
skewness, the IJP circular electrode was more promising
than the IJP square and IJP rectangular electrodes. As ECG
signal quality is dependent on the electrode’s interfacial area,
to come up with an optimized electrode area size for dry ECG
electrodes, we have fabricated IJP electrodes with diameters
of 21, 19, 16, 13, and 9 mm. For different size electrode
fabrication, Ag A211 ink and a custom PVP ink were used as
a conductive layer and insulation layer, respectively. We have
collected real-time Lead I ECG data using different size 1JP
electrodes simultaneous with gel electrodes and some data
were collected alternating the electrode placement. Changing
electrode placement did not show any significant difference,
but changing electrode size has a remarkable effect on ECG
signal quality. IJP electrode with diameters of 21, 19, and
16 mm was more coherent with the gel electrode and captured
less high-frequency noise. IJP electrodes with 13 and 9 mm
captured more noise and were less coherent than gel elec-
trodes. Optimizing dry ECG electrode size will be beneficial
for most wearable ECG devices to make the device low-cost
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and small. Our fabricated flexible, reusable, low-cost IJP dry
ECG electrodes can be useful for wearable and body-worn
ECG monitoring devices.
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