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Multi-Electrode Printed Bioelectronic Patches for Long-Term
Electrophysiological Monitoring

Manuel Reis Carneiro, Carmel Majidi,* and Mahmoud Tavakoli*

A novel architecture of materials and fabrication techniques is proposed that
serves as a universal method for implementation of thin-film biostickers for
high resolution electrophysiological monitoring. Unlike the existing wear-
able patches, the presented solution can be worn for several days, and is not
affected by daily routines such as physical exercise or taking bath. A printable
biphasic liquid metal silver composite is used, both as the electrical intercon-
nects and the electrodes. This allows combining advantages of dry electrodes,
i.e., printability and non-smearing behavior, with benefits of wet electrodes,
i.e., high-quality signal. A human subject study showed that these biphasic
printed electrodes benefit from a lower electrode-skin impedance compared
to clinical grade Ag/AgCl electrodes. Digital printing enables autonomous fab-
rication of biostickers that are taylor-made for each user and each application.
A universal miniaturized electronic system for biopotential acquisition and
wireless communication is develpoed, and demonstrated multiple biopoten-
tial acquisition cases, including electrocardiography, electroencephalography,

electromyography, and electrooculography.

1. Introduction

Health monitoring systems have undergone significant devel-
opments in the last decade, mainly thanks to the advent of
wearable technology, which contrasts with the bulky, rigid, and
obstructive equipment commonly found in clinics and hospi-
tals.ll In the last few years, wearable devices were proposed
for long-term and continuous electrophysiological monitoring.
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This includes both e-textiles or ultrathin
adhesive e-skins for the recording of
biopotentials  (electrocardiography — —
ECG,> electromyography — EMG,*]
electroencephalography - EEG,1 or
electrooculography — EOG),>12] respi-
ration rate, '8 temperature,®?% pulse
oximetry,??2 or human motion.[?324
The ultimate goal is to enable long-term
electrophysiological monitoring, increase
the patient comfort during such analysis,
and to reduce the healthcare burden by
enabling remote patient monitoring — an
aspect to which more importance has
been given after the recent COVID-19
pandemic.®l Tt also allows patients to be
monitored 24/7 while remaining in their
homes and keeping their routines, which
has been proven to speed-up recoveries
while reducing healthcare costs.[2%%]

This has been a major driving force for
the novel field of stretchable and thin-film
electronics, which intends to develop advanced electronic sys-
tems that can adapt to the dynamic morphology of the human
skin. Materials and fabrication techniques for advancement of
this field have been a major focus of investigation in the past
few years.?%2] This includes techniques for implementation
of deterministic structures,? conductive composites,3-3¢
and liquid metals,”" which include soft lithography,*—*4
laser patterning,*) stencil printing,123+#>% or direct depo-
sition.l16:31324641 Another requirement is the integration of
skin-interfacing electrodes to collect biopotentials from the
epidermis for EMG/ECG/EEG monitoring, which include
the traditional Ag/AgCl electrodes, novel wet hydrogel elec-
trodes®>? as well as printed dry electrodes based on carbon, !
silver(212205354 or polymers such as PEDOT:PSS.! Incorpora-
tion of thin-film printed electrodes generally is preferable due
to higher user comfort, easier implementation, a more desir-
able form factor, and the possibility of very low-cost and scalable
fabrication. However, compared to gel electrodes, these printed
dry electrodes suffer from a lower skin-conformance, a higher
electrode-skin impedance, and thus a lower signal quality.l°%]

In summary, implementation of a truly wearable, comfort-
able, thin-film, and low-cost electrophysiological monitoring
system that provides a medical-grade interfacing quality is still
not demonstrated. A few implementations of “electronic tat-
toos”>15:213L57] are valuable progress, however, these usually
fall short either in terms of the required robustness for long-
term monitoring, or in terms of signal quality that usually gets
degraded over time due to reduced electrode-skin conformance.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. A) Depending on its shape and placement in the body, the proposed adhesive patches can be used for detection of multiple electrophysi-
ological signals: brain waves (EEG), eye movement (EOG), neuromuscular activity (EMG), cardiac activity (ECG), and respiration. B) The various
layers and components that compose the e-patch. C) Schematic model of the trinary microstructure of the biphasic conductive polymer. Adapted with
permission from Ref. [29]. Copyright 2021 American Chemical Society. D) Fully printed flexible adhesive patch on a patterned background, evidencing

the transparency of the substrate. E) Rigid analog front end.

As well, despite the progresses, there have been limited efforts
to create fully-functional systems— instead, most studies focus
on the synthesis and characterization of standalone elec-
trodes. 0131551525557 Fyrthermore, in cases where a fully
standalone patch is presented, it is typically limited to a single
predefined application.347:12:20]

In this work, we demonstrate a novel architecture of materials
and methods for implementation of thin-film multielectrode
adhesive patches for long-term and reliable monitoring of elec-
trophysiological signals and digital biomarkers (Figure 1A,B).
We show that by using a bi-phasic Ag-EGaln composite we
previously developed®?! (Figure 1C), and a multi-layer thin film
(<210 um) implementation, one can, thanks to a digital fabri-
cation process, rapidly develop patient-specific multi-electrode
biostickers that seamlessly conform to the natural roughness
and contours of the human skin and can be used for a range of
biopotential recording applications. Referring to Figure 1A, this
includes single-lead ECG, which is also used to determine the
respiration rate of the subject, multi-lead ECG, EOG, EEG, and
EMG, during several days, while withstanding everyday activi-
ties such as jogging or bathing.

This is a fully standalone system, with the e-patch (Figure 1D)
is connected to a small-sized analog front-end (Figure 1E) that
also rests on the skin surface, allowing for true wireless biopo-
tential monitoring of up to 16 electrodes.

A comprehensive study with ten subjects shows that these
electrodes provide a signal quality better than Ag/AgCl elec-
trodes or than the same composite without liquid metal.
Although these electrodes are solid-like and non-smearing,*®!
the inclusion of EGaln droplets into the composite contributes
to lower electrode-skin impedance, making this material an
excellent choice for wearable epidermal electrodes as it com-
bines the advantages of wet electrodes in terms of signal quality
and skin-interfacing, and of dry electrodes (printability, low
thickness and easy implementation).

Adv. Funct. Mater. 2022, 2205956 2205956 (2 of 15)

2. Results

2.1. Fabrication

Figure 1B presents the layered structure of the multielectrode
biopotential recording system. Referring to the figure, the system
is composed of a soft patch attached to a rigid acquisition board.

The active layer of the biosticker consists of the printed
conductive lines and skin interfacing electrodes made of
Ag-In-Ga-SIS polymer.’d The circuit is readily printed through
direct ink writing and can be taylor-made for each user. The ink
and electrodes can be printed with a resolution of <300 um and
thickness <50 pum, thus allowing for implementation of high-res-
olution multi-electrode bioelectronics. The active conductive layer
is aligned with a thin, flexible interfacing printed circuit board
and encapsulated between two layers of thermoplastic urethane
(TPU; 50 um thickness each) of the desired shape. All layers are
fused together seamlessly through a heat pressing process sim-
ilar to that which is used in t-shirt stamping. A pre-cut medical-
grade skin-compatible acrylic adhesive (60 um thickness) with a
backing paper liner is laminated to serve as the skin-adhesion
layer prior to fusion. In the TPU and adhesive layers, holes were
pre-patterned in the electrode locations to allow direct electrical
contact between the ink and the skin. The rigid acquisition board
consists of the analog front end (AFE), processor, and wireless
communication module. The interface between the electronics
and the patch is established through solder joints enabling a reli-
able mechanical and electrical connection between both.

A conformal and robust bond with the human skin is
achieved by removing the adhesive’s release liner and applying
light pressure to the e-skin patch. As seen in Figure 1A,
depending on the shape and placement of the e-skin in the
human body, various distinct signals can be recorded, such
as heart activity, brain activity, eye movement, respiration, or
muscle activity in different locations. Detailed material listing

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and fabrication steps for both the soft e-skin patch and the rigid
acquisition PCB are presented in the Experimental section.
The comfort and usability of the developed system come not
only from its lightweight (the weight of the AFE board is 5.99 g,
while the weight of the patch is < 8 g, depending on the applica-
tion) but also from its reduced dimensions. The final patch has
a maximum estimated thickness of =210 pum, corresponding to
the laminated stack of two TPU layers, Ag-In-Ga-SIS ink, and
medical-grade adhesive, while the rigid biopotential recording
board measures only 20 X 24 x 10 mm, rendering it ideal for
everyday use without impacting the user’s movements.
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2.2. Characterization

2.2.1. Skin Conformability and Comfort

To evaluate the conformability of the developed biostickers, one
patch was adhered to the user’s skin, and removed after one
hour to be analyzed. As seen in Figure 2A, the sub-millimeter
wrinkles and creases of the skin surface were perfectly trans-
ferred to and replicated in the medical adhesive contact surface
of the patch, showing the tight conformability of the ultrathin
e-skin.
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Figure 2. A) Skin wrinkles are imprinted on the adhesive interface layer of the patch. B) Cross-section image of a printed electrode conformed to a nonplanar
skin replica. C) Images of a patch conformed to the rough surface of an orange peel. D) The dynamic conformal nature of the e-patch: it keeps its conforma-
bility to the skin even under deformation. E) Strain—Stress curves obtained from quasi-static tensile testing for electrode and patch stackups showing a rupture
strain =450% for both cases. F) Young's modulus for both multi-layer stackups obtained from linear regression. G) Fatigue testing of the 4-layer patch stack
for 500 cycles at a strain of 30%. H) Fatigue testing of the 2-layer electrode stack for 500 cycles at a strain of 30%. In plots E-H, one sample per test was used.
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Figure 2B shows a cross-section of the skin-electrode inter-
face. The electrode perfectly adapts to the skin surface, creating
a conformal contact area for reliable biopotential measurement.
Since the conductive Ag-In-Ga—SIS compound is not intrinsi-
cally adhesive, the electrode relies on the surrounding medical
adhesive (which covers most of the patch contact area) to keep
its conformal contact with the human epidermis.

Figure 2C further shows the conformability of the developed
e-skin patch, which can conform to the complex corrugated
surface of an orange peel.

We further note that the dynamic behavior of the human
skin is not affected by the e-skin patch, which keeps its con-
formal contact with the epidermis even under extreme defor-
mation. The patch accompanies the skin movement without
signs of delamination, as seen in Figure 2D. Lastly, Removal
of the patch is similar to the removal of a traditional wound
dressing, and while the adhesive leaves behind some redness
due to skin-pulling (as shown in Video S1, Supporting Informa-
tion), this fades away after no >30 min.

2.2.2. Mechanical Characterization of the Multilayer Patch

The tensile and fatigue properties of both the full patch
(4layer stack — Figure S1, Supporting Information) and the
soft skin-interfacing electrode (2-layer stack — Figure S2, Sup-
porting Information) were evaluated using samples that follow
ASTM testing standards (Figure S3, Supporting Information).
Figure 2E shows that in both cases, the patch can be elon-
gated >400% its initial size before mechanical rupture, which
is much higher than strains undergone by human skin in
normal conditions (=30%% and =100% in the case of joints/>®)).
As well, from the strain—stress curves, we calculated the Elas-
ticity Moduli of both stacks (Figure 2F): While the 4-layer stack
shows a higher Young’s modulus (E = 3.2 MPa), mainly due to

www.afm-journal.de

the presence of the tougher adhesive layer, the 2-layer stack cor-
responding to the electrode presents a lower elasticity modulus
(E =19 MPa). In both cases, the Young’s modulus of the sam-
ples is in the range of PDMS (0.1-10 MPal*%), an elastomer
that is traditionally used in soft electronics, as well as similar
to the elastic modulus of human skin itself (=1 MPa rangel®!]).

A tensile fatigue test for both layups was performed for
500 loading cycles up to 30% strain (the normal human skin
stretchability). For the 4-layer patch stackup (Figure 2G;
Figure S4, Supporting Information), we can observe some
fatigue (decrease in the observed stress amplitude from
=2 to =1.25 MPa) in the first 100 cycles (first 1100 s), that can be
explained by the cracking and relaxation of the skin adhesive
layer which is tougher than both the conductive ink and TPU
layers. The amplitude of the tensile stress in the sample stabi-
lizes afterward at =1.25 MPa.

For the case of the softer 2-layer stackup corresponding to
the skin-interfacing electrodes (Figure 2H; Figure S5, Sup-
porting Information), there is no appreciable tensile fatigue,
and the measured tensile stress is stable at =0.9 MPa for the
500 cycles.

2.2.3. Quality of Electrode—Skin Interface

In order to evaluate the suitability of the biostickers for acquisi-
tion of clinical grade biosignals, we performed a human subject
analysis to compare the quality of the skin-electrode interface
when using the proposed ink electrodes, electrodes based on
a similar polymer without Liquid Metal (LM), and clinical
grade Ag/AgCl electrodes (Figure 3A). Each of the printed elec-
trodes has an active contact area with the skin of 132.7 mm?
(corresponding to a diameter of 13 mm), while the commer-
cial Ag/AgCl electrodes presents a slightly higher contact area
of 176.7 mm? (corresponding to a diameter of 15 mm).”. The

A i ‘I- = B z(q) Average electrode-skin contactimpedance C 2(Q) Average impedance
SN 165 3g+5 . INEEGrange
Q —Ag/AgCI
e e I 2845 |
. amm——Ag-In-Ga-SIS
. 1E+4
F  EEGrange 1E45
B i
ST Zpgrga 1 E
! ;I—l-lu""—l—l-ldlﬂ“—l—l—lﬂuﬂ—l—l—ldﬂl“—l—l—uﬂlﬂ
' 1E+2 0E+0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
f (Hz)
D E o Rs KQ Rp nk G
G 800 800 100
Rs 600 600
400 400 50
200 200
Ro
0 0 0

Figure 3. A) (top) Ag—In-Ga-SIS patch with each electrode having an active contact area of 132.73 mm? with the skin and (bottom) Ag/AgCl electrodes
with each electrode having an active contact area of 176.71 mm? with the skin — placed on the user’s ventral forearm. B) Bode plots of the electrode-skin
impedance for different electrode types, averaged across the measurements for subject one to nine. C) Average impedance in the EEG range (1-100 Hz),
averaged for subjects one to nine. D) Electrode-skin interface equivalent circuit. E) Equivalent circuit’s parameters average for subjects one to nine
and maximum/minimum error bars. (n =1 for each of the nine subjects).
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study involved ten healthy adult subjects with no prior his-
tory of skin conditions (eczema, psoriasis, etc.) and no signs
of erythema in the forearm region at the time of the study.
The study consisted in capturing the Bode plots for the elec-
trode—skin interface impedances (Figure S6, Supporting Infor-
mation) measured in the right inner forearm for each subject
in the 1-1 x 10° Hz range for each electrode type. The ventral
forearm was chosen for its accessibility and for being a region
with low capillary density, following similar studies in the lit-
erature.l°% By observing the impedance data for the different
subjects, we notice that for most subjects (Figures S1-S9,
Supporting Information), the measured impedances for all
electrodes are between 102 and 10° ©Q, and the bode plots show a
smooth curve, while for subject ten, the measured impedances
are between 10° and 10® Q and the curves (mainly the ones
regarding Ag-SIS and Ag-In-Ga—SIS electrodes) show spikes
associated with noisy measurements.

In the EEG range (1-100 Hz), shown in Figure S7 (Supporting
Information), the Ag-In-Ga—SIS electrodes show a lower imped-
ance than the Ag/AgCl counterpart for subjects one to nine. In
contrast, for subject ten, this trend is inverted, with Ag/AgCl
showing the lowest impedance of the three compared materials.
This outlier behavior observed in subject ten is linked with the
fact that this subject presented a higher-than-average hair den-
sity in the tested site: the adhesive and gel-like properties of
the Ag/AgCl electrodes allowed this material to flow between
the hairs and maintain a decent contact with the subject’s skin.
In contrast, the Ag-SIS and Ag-In-Ga-SIS electrodes (non-
adhesive per se) could not interface well with the underlying
skin due to the high-density hair barrier leading to noisier and
higher impedance measurements. Further analysis will focus
solely on subjects one to nine, excluding the outlier, subject ten,
concluding that the proposed electrodes are unsuitable for skin
areas with extreme hair density. Figure 3B shows the average
electrode skin impedance plot for subjects one to nine, where we
can observe that Ag-In—-Ga-SIS electrodes show a lower imped-
ance at lower frequencies, a trend observed in most of the tested
subjects. The only case where this trend is not evident is with
subject nine, in which the Ag/AgCl electrodes show a slightly
lower impedance than the ink counterparts. In Figure 3C the
average electrode skin impedance in the EEG range (1-100 Hz),
averaged for the first nine subjects, is shown, and the previous
trend is confirmed: while Ag/AgCl show an average impedance
of 1.84 x 10° £ 1.09 x 10° Q, the Ag-In-Ga-SIS electrodes show
an impedance of only 6.99 x 10* £ 752 x 10* Q in the same range.
The Ag-SIS polymer shows the highest impedance overall
(2.81x 10° + 3.15 x 10° Q in the EEG range).

These results clearly show the advantage of inclusion of LM
in the conductive composite. While this biphasic ink is print-
able and non-smearing, similar to other dry electrodes made
with particle-filled composites, it has a considerably lower elec-
trode-skin impedance, when compared to the same composite
without LM. Surprisingly, these electrodes showed also lower
impedance than medical grade Ag/AgCl electrodes. This can be
associated with several factors including the compliance of the
electrode itself, and the thin-film structure of the biostickers,
which adapts well to the wrinkles of the skin.

Figure 3D depicts the equivalent electrical circuit for the
electrode-skin interface proposed in,®? where Rs is linked to

Adv. Funct. Mater. 2022, 2205956 2205956 (5 of 15)

the resistance of the electrode material and the electrical path
between electrodes through the living tissues, Rd corresponds
to the interface resistance between the electrode and the skin,
and Cd is the interface capacitance due to moving charges in
the electrode—skin interfaceelectrode—skin interface. The equiv-
alent impedance for the presented circuit is given by Equation 1

Rd

Ze=Rs+————
1+ j2m fCdRd

O

From the literature,®® low Rd and Rs values and high Cd
values are desirable to achieve the lowest possible impedance.

Using Equation 1, the circuit components (Rs, Cd, Rd) can
be estimated from the Bode plot curves, as shown in Figure S8
(Supporting Information) for each tested subject. Figure 3E
shows the average value of each component in each electrode
type for the tested subjects (excluding the outlier subject 10).
Regarding Rs, Ag-In—Ga—SIS electrodes show the lowest resist-
ance (183.8 * 21.9 Q), followed by Ag/AgCl (199.1 + 112.5 Q)
and finally Ag—SIS (334.6 £ 286.9 Q).

In terms of Rd, the trend is similar to Rs, with Ag-In-Ga—SIS
electrodes showing the lowest value (78.8 + 212.6 KQ), followed
by Ag/AgCl (350.3 % 2379 KQ).and Ag-SIS (4076 + 305.9 KQ).
In terms of Cd, Ag/AgCl electrodes present the best values
(72.5 £ 48.1 nF), followed by Ag-In—-Ga—SIS (572 £ 34.1 nF) and,
lastly, Ag—SIS (29.1 + 8.2 nF).

The low resistances In the Ag-In-Ga—SIS electrodes can be
explained by the high electrical conductivity of the composite
itself (702 x 105 S m™3?) as well as the conformable interfa-
cial contact of the patches with the skin. Compared to Ag-SIS,
the biphasic composite (with Ga-In alloy) shows a much lower
interface resistance which we attribute to the increase in con-
formability due to the presence of the Ga-base alloy, a liquid
metal with high wettability.6364

In terms of the contact capacitance, the gel present in Ag/
AgCl electrodes acts as a suitable dielectric in the electrode-
skin bilayer and its intrinsic adhesiveness increases the con-
tact area with the skin, resulting in the highest Cd value. The
Ag-In—Ga-SIS, while not having a dielectric layer, still exhibits
a capacitance that, although lower, is within the same order
of magnitude as that of the Ag/AgCl. The comparable capaci-
tance is attributed to the conformability and compliance of the
material, which allows for increased contact area (proportional
to the capacitance value as explained inl*%l). The lower capaci-
tance of Ag-SIS is attributed to the absence of Ga—In since the
liquid metal may improve the surface contact area between
electrodes and the skin by filling microscopic interfacial gaps
that can arise from the skin creases and roughness.

To understand the aging of Ag-In-Ga—SIS polymer, an adhe-
sive patch with five printed tracks (80 mm length and 5 mm
width) was fabricated and worn by a subject for 3 days. During
these days, the subject did normal daily activities including
sleeping, running (45 min run under direct sunlight with an
ambient temperature of 25 °C, leading to sweating), and daily
showering. At the end of day 3, the average line’s resistance was
2.8 (£ 0.5) Q, compared to 0.62 (+ 0.42) Q at the beginning of
the test, as can be observed in Figure 4A. This value is still an
acceptable value for digital circuits. As shown in the calculations
presented in Supporting Information (Equations S1 and S2,

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Aging of patch. A) Variation of ink resistance over 3 days for five samples, while performing everyday activities such as sleeping, jogging, and
showering. B) Patch with printed Ag-In—-Ga—SIS conductive lines with flexible contacts for easy measurement of resistance, adhered to the subject’s
abdomen (t =0 h). C) Wet patch after showering (t = 24 h). D) Patch right before removal (t =73 h). E) skin redness after patch removal. F) Evolution
of electrode-skin impedance over the course of 3 days for standard Ag/AgCl electrodes (176.7 mm? contact area per electrode) and printed Ag-In-Ga-SIS
electrodes (132.7 mm? contact area per electrode) — averaged for three measurements with distinct electrode sets. G) Average electrode-skin imped-
ance for Ag/AgCl electrodes and printed Ag—In-Ga-SIS electrodes in the EEG range over the course of 3 days — averaged for three measurements.
H) Average impedance of Ag—In-Ga-SIS electrodes (132.7 mm? contact area per electrode) measured twice a day until delamination of the patch on

day 9. Single measurements were taken for one user and the test included daily showering, three 45 min runs and normal daily activities.

Supporting Information), our circuits are functional even for a
resistance of tracks of =10 Q, For practical applications, such
a slight increase in track resistance (which are much lower than
the resistance observed in the electrode—skin interface) would
not affect the functionality or signal quality in the system.

Figure 4B shows the fabricated patch laminated in the user’s
abdomen.

The highest slope in the resistance curves is observed after
bathing. This can be explained due to the TPU substrate of the

Adv. Funct. Mater. 2022, 2205956 2205956 (6 of 15)

patch swelling with humidity and bringing moisture in contact
with the encapsulated ink. The wet patch is shown in Figure 4C.
Lastly, no delamination was observed during the 3 days
(Figure 4D). When removing the patch, slight skin redness due
to skin pulling is observable (Figure 4E), which faded away in
<30 min. Otherwise, no skin irritation or inflammation from
an adverse reaction to the biostickers materials was observed.
To evaluate the long-term electrical stability of the electrode
skin interface, a user wore two distinct types of electrode sets

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(Ag-In-Ga-SIS and Ag/AgCl) for 3 days. Since skin impedance
varies over time and in different body locations, both electrode
sets were placed at the same time as close as possible to each
other in the user’s forearm as depicted in Figure S9 (Supporting
Information). The electrode-skin impedance was then meas-
ured for each electrode set after being initially placed and after
being worn for 72 h. No protective layer between the electrodes
and the external environment was used so that we could easily
access the electrode’s conductive contacts for measurements and
assess how external factors impact the electrode performance
(mechanical deformation and fatigue, humidity, sweating, etc.).

A similar routine as before, including sleeping, running,
and showering, was performed, and the test was repeated
thrice on distinct days, with electrodes fabricated from sepa-
rate batches of conductive composite. In Figure 4F, the bode
plot corresponding to the average electrode-skin impedance
on the three trials is shown. The results for each trial are
shown in Figure S10 (Supporting Information). As shown
in the large-scale trial with volunteers, right after application,
the Ag-In-Ga-SIS electrodes show on average a lower inter-
face impedance than the Ag/AgCl counterpart, which is more
noticeable at lower frequencies. While the average impedance
for the EEG range (Figure 4G) of the Ag/AgCl electrodes on
day 1 is 1.43 x 10° Q, it is only 724 x 10* Q for the polymeric
electrodes. Contrary to what would be expected, none of the
electrodes showed signs of degradation after 3 days, and the
impedance of the electrode—skin interface decreases further.
This observation was attributed to the buildup of sweat and
moisture that gets trapped on the interface. This accumulation
of electrolytes between the electrode and the skin further facili-
tates the movement of charges, thus decreasing impedance in
the first couple of days. It is also relevant to note that the
Ag/AgCl electrodes show a higher standard deviation of the
impedance on the EEG range than the printed electrodes, which
can be associated with the repeatability and stability of the
Ag-In-Ga-SIS polymer and printing methodology across
batches. Once again, no skin irritation or inflammation was
observed in the sites where the Ag-In-Ga—SIS electrodes con-
tacted the skin after 3 days of being worn.

Another experiment was performed to determine durability
of the patch over the skin without de-lamination or electrical
failure. For this test, a printed three electrode patch (Figure 3A
top) was placed on the user’s forearm and worn daily until it
would fail. Impedance measurements were taken twice a day
right after the subject woke up in the morning, and after show-
ering in the afternoon (10 h apart), and the patch was exposed
to warm running water during showering and to mechanical
friction from clothes and during sleeping and other daily activi-
ties. Additionally, on days 2, 6, and 9, the user went for a run
outside, under direct sunlight, with ambient temperatures in
the 27-30 °C, which lead to sweating and physical deforma-
tion of the patch during motion. From Figure 4H, which shows
the average impedance in the EEG range (<100 Hz) for each
measurement, we can observe that the electrode-skin imped-
ance decreases on the first 4 days of use (from 8.51 X 10* to
2.76 x 10* Q), stabilizing in the 1.91-2.47 x 10* Q range between
days 5 and 7, which can be explained, as before, by the buildup
of sweat and moisture and consequent increase in electrolytes
at the electrode—skin interface. Afterward, on days 8 and 9,
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the impedance starts increasing toward the initial values
(6.91 x 10* Q on day 9), which can be explained by the buildup
of dead skin cells on the skin surface due to poor hygiene at the
interface. Finally, it was observed that the patch started delami-
nating on day 9 during showering and although it did not
completely delaminate by itself, the test was stopped, since full
conformal contact with the skin was lost. Slight redness was
observed which disappeared after =1 h.

As described above, the patch was subject to harsh conditions,
including direct contact with running water and moisture
during daily showering, sweat buildup on the skin surface due
to physical activity, and rubbing against clothing. Nevertheless,
no delamination of the electrodes or displacement/detachment
of the rigid boards was observed until 9 consecutive days of
use. Moreover, as we have shown, the buildup of sweat in the
electrode—skin interface even led to a decrease in electrode-skin
impedance on the first 4/5 days of use, stabilizing at low values
until the 8th day. On the 8th day of use, we start observing a
new increase in impedance due to deterioration of the interface
and the patch failed due to delamination on day 9.

2.3. Applications

The presented architecture of materials and fabrication tech-
niques allow to rapidly fabricate biostickers for various appli-
cations, such as EMG, EEG, EOG, or ECG. The possibility of
digital printing permits to adjust the number and the geometry
of the electrodes based on the applications and the user size.
The external electronics remain the same for the various applica-
tions, while the biosticker can easily be changed and discarded.

Here, we show the acquisition of multiple digital biomarkers:
single lead ECG, multi-lead ECG, Facial EMG, EOG, EEG and
finally limb EMG.

2.3.1. Single-Lead Electrocardiography

A one-lead ECG acquisition patch prototype was fabricated as
the simplest use case scenario. As depicted in Figure 5A, it is
composed of two recording electrodes (Figure 5B), one refer-
ence electrode, and a right leg drive electrode (RLD). Figure 5C
depicts a portion of the acquired ECG signal from a healthy
subject, where the standard features of such a signal can
be observed: the QRS complex, as well as P and T waves, are
labeled in the figure. The RR interval (corresponding to the
time between two consecutive R peaks) was calculated as being
790 ms, from which a heart rate of 76 bpm can be estimated.
Furthermore, we can observe that the duration of the QRS com-
plex is <0.1 s and the time interval between Q and T waves falls
below the limit of 0.4 s. From these characteristics, we were
able to validate and infer the good quality of the recorded signal
since all referred features and duration of waves fall within
the limits stipulated by physicians for considering a normal
ECG.[%I The real-time acquisition of the one-lead ECG is shown
in Video S2 (Supporting Information).

For this application, the subject wore the ECG patch for
3 days while keeping their usual daily routine. The signals
recorded from day 1, after the patch was first adhered to the
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Figure 5. A) Electrode positioning for one-Lead Electrocardiography patch. B) Close-up image of the patch showing the two measuring electrodes,
analog-front-end, and battery. C) Acquired ECG signal and identification of normal ECG features such as the QRS Complex and P and T waves. An RR
interval of 790 ms, from which a heartrate measurement of 76 bpm can be derived. D) Comparison between ECG signal on 1st day and after 3 days of
the patch being used. Although Signal to Noise Ratio decreases, normal ECG features are still visible. E) Respiration signal can be derived from the
ECG measurement thanks to the change in amplitude of the QRS complex during respiration cycles.

skin, and after 72 h are shown in Figure 5D. Although the
Signal to Noise Ratio (SNR) decreases slightly throughout
the test duration (from 10.29 to 9.56 dB), all the typical ECG
features are still visible on the signal recorded from day 3 and
the RR interval, and heart rate can still be accurately calculated,
despite the appearance of noise artifacts.

Although the electrode—skin interface impedance is observed
to decrease 0.73 dB between days 1 and 3, such a slight decrease
does not impact the signal quality for observation and anal-
ysis of the ECG features. Since the electrode-skin impedance
is shown to decrease during the first few days of wearing the
system, the slight decrease in SNR in the signal recorded
in Day 3 is not expected to arise from the electrical interface
with the electrodes. Instead, such a decrease in SNR could be
explained by the presence of high-frequency muscle move-
ment artifacts that may have happened during recording on
Day 3 leading to the slightly increased noise amplitude at that
moment. Longer-term ECG measurements in more patients
should be performed in future studies to assess the concrete
origins of noise and artifacts in the system.

It was also observed that the user’s respiratory activity could
be derived from the ECG recordings, as depicted in Figure 5E. An
increase in the amplitude of the QRS complex is related to exha-
lation. In contrast, when the user inhales, the amplitude of the
QRS complex decreases. We hypothesize that this observation
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is due to the changes in impedance of the thoracic cavity during
the respiration cycle, as well as to the stretching of the printed
conductive lines acting a strain gauge, which leads to ampli-
tude modulation of the ECG signal. We can observe in the plot
from Figure S11 (Supporting Information) that the resistance of
Ag-In—Ga-SIS printed lines in the patch is dependent on the
applied strain, acting as a strain gauge. This resistance change,
although small (=1 Q for a strain of 30%), is associated with
the volume changes of the thorax and is enough to modulate the
amplitude of the ECG signal, thereby allowing for visualization
of the respiration cycles.

2.3.2. Multi-Lead Electrocardiography

As a slightly more complex use case, a multi-lead ECG patch
was fabricated based on the EASI electrode configuration!®®!
(Figure 6A—C). This system has the advantage of being able to
derive all 12-lead measurements seen in a standard ten elec-
trode ECG (Figure 6D) by using only six electrodes and storing
just three distinct signals instead of 12. These characteristics
make the EASI montage ideal for telemetry and wearable sys-
tems in which storage capacity or transmission bandwidth is
limited. This also permits reducing the number of electrodes
for easier deployment and long-term comfort of the user.
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Figure 6. A) Position of ECG recording electrodes according to the EASI montage. B,C) Multielectrode ECG patch based on the EASI system.
D) Position of the ECG recording electrodes in a conventional 12-lead system. E) Electrocardiogram signals directly acquired from the EASI patch

(in red) and full 12-lead ECG derived from the EASI recordings (in green).

Figure 6E and Video S3 (Supporting Information) depict
in red the three leads acquired from the EASI montage
(AS, ES, Al) and the derived 12-lead ECG in green. Features
such as the QRS complex (normal sinus rhythm) can be
observed in all signals, and as well the RR interval shows to
be regular in all traces. These are characteristics of a normal
adult 12-lead electrocardiogram, as stated in.[! Apart from the
regular RR interval (indicating the absence of arrhythmial®’)),
the heart rate can also be calculated to be =77 bpm, between the
60 and 100 lower and upper boundaries considered normal.[’]
The equation and coefficients to perform the transformation
between the EASI and the 12-lead ECGs are presented in the
Experimental section.

2.3.3. Electroencephalography, Electrooculography, and Facial EMG

A patch containing ten electrodes was fabricated for recording
brain activity, eye movement, and facial muscle activity.
Figure 7A depicts the placement and function of each elec-
trode. Figure 7B shows a user wearing the patch on their fore-
head and face. The simple and inexpensive digital fabrication
process enables the fabrication of patient-specific patches with
precise electrode positions and a custom layout that fits each
user perfectly.

Figure 7C shows an example of a recorded EEG signal in
which the Berger effectl®! can be observed. This effect consists
of suppression of the Alpha rhythm (=8-13 Hz) when the user
opens their eyes, leading to a lower amplitude signal when
compared to the brain activity while keeping their eyes closed.
Figure S12A,B (Supporting Information) shows the frequency
spectrums for the open and closed eyes signals, respectively,
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and a frequency peak can be observed =10 Hz when the user
closes his eyes but is suppressed when the eyes are open.

This observable difference in the two signals enables a
clear separation between the two states. Although it is usually
more noticeable in electrodes placed on the back of the scalp,
we were still able to observe this with a signal acquired from
the user’s forehead.

Figure 7D and Video S4 (Supporting Information) depict
EOG signals that were acquired. We can observe that the left
and right electrodes show opposite polarities when lateral
eye movement is detected. On the other hand, eye blinks,
predominantly vertical movements, are detected with higher
amplitude by the EOG electrode placed below the user’s eye.
These are characterized by their high amplitude and low
frequency.

Finally, sSEMG artifacts derived from masticatory movement
(Figure 7E) are detected in the face by the electrode placed near
the masseter muscle. These are characterized by both high
amplitude and high frequency.

Overall, possible applications of this patch include fast
deployable EEG exams for emergency or ambulatory settings,
sleep monitoring, and staging or human/brain-machine inter-
faces. Moreover, the possibility of recording muscle activity
in the face (and specifically near the jaw), has relevance for
monitoring orthodontia-related conditions such as bruxism or
temporomandibular joint disorder, as discussed in Ref. [69]

2.3.4. Electromyography and Hand Pose Signature
Figure 8A shows an EMG patch with 17 electrodes. The patch

is composed of 16 recording electrodes connected to eight
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Figure 7. A) EEG/EOG/EMG patch and identification of the electrodes. B) Placement of the patch in the user’s face and forehead. C) Berger effect in
EEG waves. When a user opens their eyes, the alpha rhythm is attenuated in amplitude. The higher amplitude of the acquired EEG signal when the user
keeps their eyes closed can be observed in the plots. D) Eye movement detection through the EOG electrodes placed near the eyes. We can observe
that the left and right electrodes show opposite polarities when lateral eye movement is detected. Eyeblinks, which are a predominantly vertical move-
ment, are detected with higher amplitude by the EOG electrode placed below the user’s eye. E) Muscle artifacts from masticatory movement detected

recorded by the EMG electrode placed on top of the masseter muscle.

differential acquisition channels and placed on the proximal
portion of the anterior right forearm of the user and a ground
electrode that lays in the user’s elbow. As a sanity check, a
handgrip dynamometer (Figure 8B) was used to measure
the relation between EMG intensity and gripping strength.
The results, shown in Figure 8C, show that, as expected, the
amplitude of the acquired and rectified EMG signal (in one
of the channels) increases as the grip strength increases.

Taking advantage of the high channel count, we evaluated
the feasibility of using the developed patch to detect hand ges-
tures. In Figure 8D, we can observe that for different hand
poses (PIto PG), the acquired EMG signals in each channel
show distinct amplitudes (only three of the eight channels
are shown). For simplicity, we chose to only use the average
signal amplitude in each channel as the features to differen-
tiate between hand-poses (in one-second windows without
overlapping). This simple feature vector has the advan-
tage of being easy to extract and compute while generating
small-sized datasets, thus being ideal for slow microcontroller-
based systems where either power, processing, or memory are
limited.

As shown in Figure 8E, for each of the eight channels, the
extracted average signal amplitude was scaled to a percentage
where 100% corresponds to the maximum average amplitude
detected in that channel.

Figure 8F, shows 12 distinct hand gestures and the respec-
tive amplitude footprint from the EMG signals in the eight
channels. Overall, clear differences can be observed between
most gesture pairs. The most similar cases can be observed
to be the distinction between poses four and ten and seven
and eight, corresponding to cases where the gestures are
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similar, i.e., only showing differences in the position of one
finger.

Figure S13A (Supporting Information) shows the dissimilarity
coefficient between gesture pairs (computed using the Spearman
correlation-based dissimilarity coefficient, i.e., the spearman
distance between feature vectors of each pose observation, aver-
aged across three one-second windows). While high dissimilarity
values between pairs of gestures indicate an easy distinction
between those poses (as is the case of the pair six and 12), dis-
similarity coefficients as low as 0.17% or 0.27Y have previously
shown good results in automatic EMG hand gesture classifiers.
Overall, 85% of the gesture pairs show a dissimilarity coefficient
>0.2, while the average dissimilarity is 0.342. The average cor-
relation coeflicient for the same gesture across three repetitions
(Figure S13B, Supporting Information) is >0.75 for all 12 poses,
meaning that the system shows good repeatability.

A similar work using an equivalent EMG electrode montage
has been able to distinguish only between six hand gestures
with a classification accuracy of =95% on 12 participants. The
present work improves these results not only in terms of corre-
lation coefficients but also due to the use of a considerably sim-
pler (in terms of features extracted from the EMG signal) and
more wearable system. We conjecture that the increased con-
formability and skin compliance of our system, as well as the
low electrode-skin impedance, leads to a better acquired EMG
signal and thus a more robust distinction between a larger set
of gestures. As such, a good gesture classification accuracy
using machine learning algorithms would be expected for our
12-poses dictionary.

Apart from being conventionally used to assess functionality
and integrity of muscular activity, surface EMG has also been

[71]
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Figure 8. A) 16 electrode EMG patch. B) Setup for gripping force measurement with the EMG patch placed on the proximal portion of the
anterior right forearm of the user, while grabbing a hand grip dynamometer. C) EMG signal (channel four) after full-wave rectification for different
gripping forces and averaged peak envelope. D) EMG signals acquired from three channels for six distinct hand poses. E) Channel positions and
polarity of the electrodes on the EMG patch placed on the right forearm. F) Scaled average amplitude of the eight EMG signals for 12 distinct
hand poses.

increasingly used to directly control limb prosthetics. The fact  an important step toward decreasing the cost and widening the
that we are capable of detecting and classifying 12 distinct hand ~ availability of muscle-machine interfaces that provide the user
gestures, as well as estimating force output from EMG signals ~ with higher comfort and a larger combination of poses for a
acquired by an ultrathin skin-conformal adhesive patch, paves  more natural control of a limb prosthetic.
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3. Discussion

In this study, we presented a disposable ultrathin multi-layer
adhesive patch with digitally printed skin-interfacing elec-
trodes and interconnects based on an Ag-In-Ga filled elas-
tomer, which conforms tightly to the natural wrinkles and
creases of the human skin even during normal deformation.
Tensile testing showed that the patch exhibits an elastic mod-
ulus similar to the one of the underlying human skin (=1 MPa
range). This helps to avoid delamination from the skin due
to mechanical mismatch. Moreover, the patch exhibits much
higher stretchability: =450% compared to =30% of the human
skin and tensile fatigue testing showed no appreciable signs of
mechanical failure of the electrodes after 500 cycles

Thanks to the digital printing, the presented technique can
be easily scaled up for rapid fabrication of Taylor-made bios-
tickers patches for different electrophysiological monitoring
applications. We showed that the fabricated patches withstand
9 days of continuous use. We did not observe any significant
reduction in the signal quality, skin-electrode impedance, or
visible deterioration of the biphasic composite after 9 days of
continuous wearing, and the electrode skin impedance even
decreased in the first 4/5 days of use. During this test, the
user performed his normal daily routine, including showering,
physical exercise, and other everyday activities

The printed patch attaches directly to a reusable small-sized
analog front end which communicates the acquired data in
real-time via WiFi. Depending on the patch shape and its posi-
tioning in the body, different applications were shown: First,
a simple one-lead ECG monitoring setup was presented. The
relevant features of the ECG wave could be correctly observed
after using the patch for 3 days while doing normal daily routines
such as running and taking bath. It was also shown that this
system could also monitor the user’s respiration pattern, which
can be inferred from the ECG amplitude, making this patch a
good candidate for sleep apnea monitoring and detection.

This was then extended to a 12-lead ECG, through the EASI
electrode montage. Once again, the ECG wave features are
observable in the acquired data. Possible use case scenarios
include long-term Holter-like heart monitoring with the advan-
tage of the patient being able to shower.

Using a patch that covers the user’s forehead and face, we
could also record brain activity, eye motion, and muscle activity
from chewing. Finally, a patch for recording limb electromyo-
graphy was fabricated, and the identification of 12 distinct hand
gestures was shown. We showed that the fingerprint of the
12 poses are distinct enough from each other to enable good
performance of automatic classifiers, and presented improved
results compared to the state of the art. For the same gesture,
the acquired signals show good repeatability (average similarity
coefficient of each pose across three repetitions is >0.7 for all
12 poses for the same subject). These correlation metrics can
be further improved by extracting more complex features from
the recorded EMG data (for instance, features in the frequency
domain) at the cost of increased computation complexity and
memory requirements.

A human subject trial was performed on ten volunteers to
assess the quality of the conductive polymer-based skin-inter-
facing electrodes. It was observed that the proposed polymeric
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electrodes, even with a slightly lower contact area with the skin,
show an average impedance in the 1-100 Hz range, which is
lower than the Ag/AgCl counterpart. This is attributed to the
high conductivity of the composite itself, as well as to the excel-
lent skin-conformability of the fabricated patches, given that
the electrodes are not placed in a region with high capillary
density. The Ga—In alloy used in the conductive composite was
also shown to have a decisive role in improving the quality of
the interface by decreasing the electrode-skin impedance when
compared with a simple particle-filled Ag—SIS polymer. Fur-
thermore, none of the tested subjects reported any adverse skin
reaction or inflammation from contact with the Ag-In-Ga—SIS
electrodes. In one case, when the hair density on the test zone
was high, the Ag/AgCl electrode performed better than our
printed electrodes.

In this study, we have also shown that the bioelectronic
patches can be worn for several days without interfering with
the quality of signal acquisition and without affecting the
user’s routine. No deterioration of the conductive polymer was
observed, and the electrode skin impedance was even found to
decrease after 3 days. In particular, the patch was able to with-
stand daily showering, running, and other everyday activities,
suggesting that these activities are feasible when wearing the
adhesive electrode patch and have no noticeable impact on its
integrity. Furthermore, none of the tested subjects reported any
adverse skin reaction or inflammation from contact with the
Ag-In-Ga-SIS electrodes.

Overall, the biostickers presented in this work combine
user comfort, durability, strong signal quality, and possibility
of direct digital printing for scalable fabrication of taylor-made
biostickers. This advancement can pave an important step
toward untethering healthcare patients from bulky devices
and allowing for domiciliary hospitalization with clinical grade
remote patient monitoring.

Further research will focus on integrating adhesive charac-
teristics on the biphasic composites to improve their interfacial
properties in subjects with high body hair density and pro-
mote an even better conformal contact with the skin’s micro-
texture. Furthermore, to completely avoid the possibility of
the thick rigid battery being dethatched from the body due to
applied forces from more intense physical exercise, the possi-
bility of integrating a thin printed stretchable battery*”? should
be investigated. In addition, current and future attempts on
direct integration of microchips into stretchable circuits have
the potential to contribute toward the next generation of hybrid
stretchable circuits that better conform to human skin.”?! Lastly,
the development of specific human-machine interface applica-
tions employing the proposed patches (facial expression recog-
nition, sleep monitoring, and automatic gesture classification),
and further validating data acquisition and usability on a larger
population in clinical settings, will be subject of future studies.

4. Experimental Section

Conductive Ink Preparation: The conductive Ag—In-Ga-SIS ink was
synthesized as presented in.?? First SIS (Styrene-Isoprene Copolymer—
Aldrich Chemistry) was diluted in Toluene (1:3 wt.%). Silver flakes
(Ag071 Technic inc.) were mixed into the SIS solution (2:1 wt.%) using
a planetary mixer (Thinky ARE-250) for 3 min at 2000 rpm. Previously
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prepared EGaln (75.5% Ga, 24.5% In) was mixed into the Ag-SIS
solution in 2:1 EGaln:Ag wt.% ratio, and the solution was mixed in the
planetary mixer for 3 min at 2000 rpm. The resulting Ag—In-Ga-SIS
solution — now with a shiny silvery color — was loaded into a syringe
barrel for further printing. For the electrode-skin-impedance tests,
a similar formulation of the ink but without the liquid metal was also
synthesized for comparison purposes.

E-Patch Fabrication: The Ag—In-Ga-SIS ink was dispensed over a TPU
film (Bemis 3412 TPU hotmelt film) following the previously designed
paths for the electrodes and interconnects, using a Voltera ink dispensing
system (Voltera V-One PCB printer), and the film was let to dry at 60 °C
for 10 min (Figure S14A1, Supporting Information). The outline of the
patch was then cut using a CO, Laser (Universal Laser Systems VLS
3.50), as shown in Figure S14A2 (Supporting Information), leaving the
top part of the patch ready (Figure S14A3, Supporting Information). For
the bottom part of the patch, a TPU film was adhered on top of a medical-
grade skin-compatible adhesive with back paper (3m 1524A Medical
Transfer Adhesive) — Figure S14B1 (Supporting Information) — and
the outline was cut with the CO2 laser — Figure S14,B2,B3 (Supporting
Information). A previously etched interfacing flexible Kapton-copper PCB
was then aligned and placed on top of the TPU-adhesive layer, as shown
in Figure S14B4 (Supporting Information). The two prepared parts (top
and bottom layer) were aligned together with the printed lines facing
inward (Figure S14C1, Supporting Information) and heat pressed together
(Figure S14C2, Supporting Information) for 30 s at 150 °C using a t-shirt
printing press machine (Surpcos HPM-121505). The rigid acquisition PCB
was aligned with the flexible PCB in the patch, and both were soldered
together, as shown in Figure S14C3 (Supporting Information). Finally, the
backing paper of the adhesive was removed (Figure S14C4, Supporting
Information), and the system was ready to be laminated to the user’s skin.

Biopotential Acquisition, Communication, and Signal Filtering: The rigid
circuit board attached to the patch measured 20 x 24 x 10 mm, and
weighed only 5.99 g. The PCB was composed of an acquisition layer
and a communication layer. The signal acquisition and amplification rely
on the ADS1299 module (ADS1299, Texas Instruments), an 8-channel
differential amplifier with 24 bit ADC. In this setup, signals were
sampled at 250 Hz and amplified 24x, enough for recording even the
lowest amplitude surface biopotentials (EEG). The system was powered
using a 3.7 V LiPo Battery whose current consumption during normal
function was <50 mA. The digitized signals were then passed on to the
microcontroller (ESP8266 Expressif Systems), which sent them through
the WiFi network (using a UDP protocol) to a receiver (based on the
same microcontroller). The receiver dongle sent the incoming values
from the WiFi network to the serial port for visualization, recording, and
further processing, as shown in Figure S15 (Supporting Information).
The incoming signals from the serial port were saved and later filtered in
MATLAB using a notch filter (60 Hz) and High/Low pass second-order
Butterworth filters as needed for each monitored signal. For ECG, the
relevant frequencies were assumed to be in the 5-55 Hz band. For EEG,
EOG, and EMG, the relevant frequencies were considered to be in the
2-100 Hz band. The 12-lead ECG signals (V) can be derived from the
acquired EASI potentials (Vgs, Vas, Vai) through the following equation:

V=0aVgs +b.Vas +c.Vp (2)

The fixed coefficients (a, b, ¢) for the calculation of each lead are shown
in Table 1.

Electrode-Skin  Impedance ~ Measurement:  Patches  with  three
Ag—In-Ga-SIS electrodes were fabricated (Figure S16, Supporting
Information), as well as patches with Ag-SIS (without the liquid metal).
The impedance on these, as well as Ag/AgCl electrodes (3 M Red Dot)
was measured, using a PalmSens4 impedance analyzer. 50 impedance
points (=9.8 per decade) were measured between 10° and 10° Hz for
each bode plot.

Before placing each set of electrodes on the right inner forearm
of the volunteer, the skin was cleaned by wiping with rubbing alcohol
and driedfor 1 min. The electrode set to be recorded was then placed
and left to rest for 1 min, and the impedance measurement was taken.
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Table 1. Transformation coefficients for approximation of the 12-lead
ECG through acquired EASI signals.

Lead (V) a b c

| 0.026 -0.174 0.701

1} —-0.002 1.098 -0.763
1 —-0.028 1.272 —1.464
aVR -0.012 —-0.462 0.031

aVvL 0.027 -0.723 1.082
aVF -0.015 1.185 1.114

Vi 0.641 —-0.391 0.080
V2 1.229 -1.050 1.021

V3 0.947 -0.539 0.987
V4 0.525 0.004 0.841

V5 0.179 0.278 0.630
V6 —-0.043 0.431 0.213

After the measurement was complete, the electrodes were removed,
and any residue of adhesive was wiped off with rubbing alcohol. The
process was then repeated for other electrodes. The equivalent circuit
components for the electrode—skin interface were approximated by
fitting the obtained bode plots to the equivalent impedance expression
through the Levenberg—Marquardt algorithm (damped least-squares),
integrated into the PalmSens PSTrace software.

Ten volunteers participated in this study, which was approved
by the Carnegie Mellon University Institutional Review Board
(STUDY2022_00000015) in accordance with the US HHS regulations
for the protection of human subjects in research at 45CFR 46. Informed
consent was obtained from all the participants, and all experiments were
performed in accordance with the applicable regulations.

SNR Calculations: After filtering the acquired ECG signals, signal-
to-noise ratio calculations were performed in Matlab. The function used
for the calculation, snr(s,n), was based on the formula from Equation 3:

®)

where rssq(s) corresponds to the root-sum-of-squares of the clean signal
amplitude and rssq(n) corresponds to the root-sum-of-squares of the
removed noise amplitude.

Tensile Testing: To characterize the mechanical performance of the
materials, a “dog bone” shape was used following the CASTM D 412 standard
(dimensions shown in Figure S3, Supporting Information). For tensile
testing, an Instron5969 with a 10 N load cell was used.

For the quasi-static break test a strain rate of =0.002 s™' was
used, while for the cyclic loading tests, 500 cycles of 30% strain
were performed at a rate of ~0.094 cycles s™'.

Statistical Analysis: Unless otherwise stated, one measurement per
subject/sample was taken in each subject. Data treatment, analysis, and
plotting of all data were performed in Matlab_R2020b.

1
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