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Cardiovascular digital health technologies potentially outperform traditional clinical equipment through their nonin-
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vasive, on-body, and portable monitoring with mass cardiac data beyond the confines of inpatient settings. However,
existing cardiovascular wearables have difficulty with providing medical-grade accuracy with a chronically comfort-
able and stable patient/consumer device interface for reliable clinical decision-making. Here, we develop an intensive
care unit (ICU)-grade breathable cardiac electronic skin system (BreaCARES) for real-time, wireless, continuous, and
comfortable cardiac care. BreaCARES enables a novel digital cardiac care platform for health care, outpatient diagnos-
tics, stable intraoperative monitoring during heart surgery, and continuous and comfortable inpatient postoperative
cardiac care, exhibiting ICU-grade accuracy while having superior anti-interference stability, portability, and long-term
on-skin biocompatibility to the clinically and commercially available cardiac monitors in cardiovascular ICUs.

INTRODUCTION
Cardiovascular diseases, the top leading cause of global death (1),
take an estimate of 18 million people’s lives annually. Long-term
continuous monitoring of cardiac signals is crucial for the assess-
ment of cardiovascular health (2, 3), detection of acute cardiac dys-
function (4), and the implementation of timely medical treatment (5).
Electrocardiogram (ECG) is the most widely accepted clinical car-
diovascular monitoring standard (6-8), as it provides comprehensive
information for detecting cardiac abnormalities in heart diseases
[e.g., arrhythmias, myocardial infarction (MI), and heart failure
symptoms], chronic diseases (e.g., diabetes and HIV infection), and
sudden cardiac arrest (7) and remains a cornerstone for continuous
monitoring in intensive care units (ICUs) (9). However, current clini-
cal devices and systems are usually multiple hard wired, specialist re-
quired, invasive, and cumbersome. Alternatively, digital health
technologies based on soft and wearable electronic materials (10-14),
devices (15-17), and systems (18-25) potentially enable noninvasive,
on-body, and portable health care monitoring (26-30) for at-risk in-
dividuals beyond the confines of clinical inpatient settings.
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Nevertheless, existing wearable technologies suffer from unad-
dressed gaps in clinical translations and adoptions (31-33), and the
achievement of ICU-grade accuracy is rare (20, 21, 34). The “ICU-
grade accuracy” refers to the high level of precision and reliability
comparable with standard clinically proven machines in ICU set-
tings, particularly in early diagnosis, and continuous tracking of vi-
tal signs among critically ill patients. The successful implementation
of wearable devices/systems with medical-grade accuracy in ICUs is
critical yet challenging. These ongoing challenges include the fol-
lowing: (i) difficulties in achieving medical-grade accuracy with
real-time and sufficient datasets for reliable clinical decision-making
because of instable and noisy biointerfaces along with the lack of
complex system-level integration; (ii) poor patient/consumer com-
pliance owing to skin intolerance of uncomfortable monitoring de-
vices with bulky form factors and impermeable gel electrodes over
long-term wear; (iii) compounding risks of potential injury on frag-
ile skin with possible dermatological comorbidities among elderly,
neonates, and seriously ill patients, especially in ICUs.

Here, we develop a wireless, fully integrated, and breathable cardiac
electronic skin system (BreaCARES) in a thin, lightweight, skin-like
soft, and permeable design form factor for continuous and comfort-
able cardiac care. We demonstrate the versatility of this cardiac plat-
form on animal models, healthy volunteers (Fig. 1A), anti-interference
stable intraoperative monitoring of surgical patients (Fig. 1B), and
ICU-grade postoperative cardiac care with superior biocompatibility
and comfort (Fig. 1, C and D) to the clinical counterpart (Fig. 1, C and
E). BreaCARES is composed of multilayer-patterned, permeable, and
stretchableliquid metal (LM) microcircuits, which three-dimensionally
integrate with electronic components in high density. Eutectic gallium-
based LM leverages outstanding biocompatibility (35-38), softness
(39), configurability (40, 41), stretchability, and conductivity (2, 42, 43).
BreaCARES has a low-impedance, wet-adhesive, and biofriendly user-
system interface, enabling a continuous and stable biointerface with
high signal quality in various daily and clinical activities while pre-
venting any skin erythema or inflammation over week-long attachment.
The whole system is as thin as 180 pm (Fig. 1F) and is only 0.489 g
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Fig. 1. BreaCARES for ICU-grade wireless, stable, continuous, and comfortable health care, outpatient diagnostics, intraoperative monitoring, and postopera-
tive cardiac care. (A) Schematic illustration showing the monolithically integrated BreaCARES with a conformal and comfortable biointerface for wireless and real-time
cardiac care through a portable device (e.g., a smartphone with a customized mobile app), while the conventional clinical monitor is multiple wired and bulky. (B and
C) Schematic illustration showing the BreaCARES in intraoperative cardiac monitoring of surgical patients and ICU-grade postoperative cardiac care, respectively. (D and
E) Skin surface status of an ICU patient after using BreaCARES and clinical monitor, respectively. (F) Digital images showing thin, soft, and high-integration-density
BreaCARES. (G) Block diagram of BreaCARES consisting of electrodes, a biopotential sensing chip as the AFE for ECG sampling (sampling rate: 500 Hz), 1.8-V LDO and a
32.768-kHz crystal for driving the sampling of AFE, and a BLE-integrated MCU for wireless data acquisition, transmission, and functional control.

in weight (fig. S1), allowing the acquisition, analysis, and transmission
of cardiac data in a wireless and real-time manner (Fig. 1G).

RESULTS

Structure and properties of BreaCARES

As shown in Fig. 2A, the cardiac system typically consisted of five
stretchable and permeable layers including (i) a bioadhesive hydro-
gel mat, (ii) a pair of LM biopotential electrodes embedded in the
base layer of an LM three-dimensional (3D) circuit, (ii) an upper

Zhuang et al., Sci. Adv. 11, eadu3146 (2025) 19 March 2025

layer of the LM 3D circuit, (iv) a paste mask layer bonded with elec-
tronic components (labeled in Fig. 2B) by a stretchable hybrid LM
solder, and (v) an encapsulation layer made of the permeable but
waterproof fiber mat. The microporous fibrous structure of the elec-
trospun fiber mat allows air and moisture (water vapor) to pass
through it, while the intrinsic hydrophobicity of the poly(styrene-
block-butadiene-block-styrene) (SBS) fiber mat can repel water
droplets. Therefore, permeability and waterproofness are achieved
at the same time. The detailed fabrication protocol is illustrated in
Materials and Methods.
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Fig. 2. Structure and properties of BreaCARES. (A) Exploded schematics of the BreaCARES. LM 3D microcircuits served as the reliable electrical interface between rigid
components and the soft, rough, and microporous fiber mat. The bioadhesive and biofriendly user-system interface consisted of a thin electrospun hydrogel fiber mat on
top of LM biopotential electrodes, enabling a stable and comfortable biointerface for long-term wear. (B) Digital image showing the functional modules of wireless and
high-integration-density BreaCARES including ECG AFE, MCU module, LDOs, BLE antenna, oscillators, rectifier and matching capacitors, and LM coil for wireless power
transfer. (C) Cross-sectional scanning electron microscopy image of LM VIAs for interlayer electrical connections between the upper and base layers of LM 3D circuits,
while the electrical insulation was enabled by electrospun fiber mats. (D) Schematic illustration exhibiting the anisotropic out-of-plane swelling of dry electrospun hydro-
gel fiber mat upon the attachment of wet skin and the formation of bioadhesive hydrogel with robust skin adhesion. (E) Shear adhesion strength of bioadhesive LM,
commercial gel, and medical tape with porcine skin when applying different amounts of artificial sweat. (F) Digital images showing the inflammatory states of skin after
covering the commercial ECG electrode (brand: KANGRU) and BreaCARES electrode on the left forearm for 1 week. (G) Moisture permeability and (H) air permeability of
cotton (positive control), BreaCARES electrode, and commercial ECG electrodes from brands including BSS, KANGRU, and INTCO. (I) Digital image of fully integrated and
battery-free BreaCARES powered by wireless inductive coupling between the LM coil and the transmitter coil. (J and K) Impedance and phase of stretchable LM coil an-
tenna at various tensile strains, respectively.
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Briefly, the upper and base circuit layers (~50 pm each) including
various LM micropatterns on the stretchable fibrous SBS mat were
first fabricated by a combination of photolithography, pattern trans-
fer, and stencil printing process (fig. S2). Partially oxidized LM
(oLM) was subsequently stencil printed on the paste mask layer
made of thin fibrous SBS (~30 pm), which was previously deposited
on the upper circuit layer. The micropatterned LM 3D circuits were
highly biocompatible (fig. S3), which included biopotential elec-
trodes, stretchable antenna, interconnects, pads, and contacts (fig.
S4), while the vertical electrical connections between the base and
the upper layers were achieved using LM vertical interconnect ac-
cesses (VIAs; Fig. 2C).

We further formulated hybrid LM as a stretchable solder (see de-
tails in Materials and Methods), and pins of rigid electronic compo-
nents, including ECG analog front end (AFE), light-emitting diodes,
microcontroller unit (MCU), oscillator, Bluetooth low energy (BLE)
antenna, low-dropout regulators (LDOs), and rectifier and match-
ing capacitors, were adhered onto the printed oLM pads with addi-
tional LM pastes. The 3D integrated electrical interfaces were highly
stretchable and stable, with a maximum strain of 1500% for various
electronic components (figs. S5 and S6). After storing for 8 weeks,
the initial electrical resistance of the LM circuit increased slightly
from 0.07 to 0.11 ohms before cycling. After cycling for 8000 rounds
of stretch-release (0 to 60% tensile strain), the electrical resistances
only increased by 0.017 and 0.025 ohms for the freshly made sample
and the stored sample at a strain of 60%, respectively (fig. S7).

We introduced a bioadhesive LM interface consisting of a thin
bioadhesive hydrogel fiber mat on top of LM biopotential electrodes,
enabling anisotropic out-of-plane swelling and robust adhesion
upon the attachment of wet dynamic skin (Fig. 2D). The bioadhe-
sive mat was in situ electrospun onto the LM electrode, during
which the solvent (water) of the N-hydroxy succinimide (NHS)-
grafted polyacrylic acid (PAA/NHS ester) polymer solution was ad-
equately evaporated. When the dry bioadhesive mat contacted a wet
skin surface, the bioadhesive interface absorbed interfacial water by
hydration and subsequent anisotropic (only in the thickness direc-
tion) swelling, resulting in robust adhesion with the skin surface by
physical cross-links and covalent cross-links of PAA/NHS ester
(44, 45). The bioadhesive LM electrodes displayed superior shear
adhesion strength with the porcine skin under wet dynamic condi-
tions (e.g., sweating), in comparison to medical tapes and commer-
cial gel electrodes (Fig. 2E). The long-term on-skin attachment test
was carried out by covering the left forearm skin with the commer-
cial electrode and BreaCARES electrode for 1 week (Fig. 2F). The
skin area covered by the commercial electrode displayed an inflam-
matory state while maintaining a relatively healthy state after the
coverage of the BreaCARES electrode. The superior biocompatibil-
ity of the BreaCARES electrode resulted from the higher permeabil-
ity than commercial electrodes. The moisture permeability (Fig. 2G)
of the BreaCARES electrode was 7- to 347-fold higher than that of
commercial ECG electrodes, and the air permeability (Fig. 2H) of the
BreaCARES electrode was 2.4- to 13-fold higher than that of com-
mercial ECG electrodes.

The BreaCARES was operated in either battery-free mode or
battery-powered mode with commercial lithium-ion batteries. For
battery-free BreaCARES, an embedded LM antenna can receive
power wirelessly supplied by inductive coupling with the external
transmitter antenna (Fig. 2F and movie S1). By tuning the induc-
tance of the receiver coil and matching it with appropriate capacitors,
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the LM antenna was configured at a set resonant frequency of
13.56 MHz, which matched the frequency of the wireless power
transmission signal and could attain an optimized energy efficiency.
The received radio frequency ac signal was then rectified by a full-
wave bridge rectifier and filtered into a dc signal by a large capacitor.
The dc signal was then fed into LDOs and regulated to a stable 3.3-
and 1.8-V power supply for the MCU and AFE, respectively. Finite
element analysis (FEA) indicated that the stress distribution of the
intrinsically stretchable LM antenna was very uniform at different
tensile strains (fig. S8), which benefited high electromagnetic stabil-
ity in the impedance (Fig. 2G) and phase (Fig. 2H) and the S;; per-
formance of the LM coil (fig. S9) within the readable frequency.
When stretched to uniaxial 30% strain, the resonance frequency de-
creased by 4.7% with a frequency value of 13.50 MHz. When
stretched to uniaxial 60% strain, the resonance frequency decreased
by 12.2% with a frequency value of 12.43 MHz.

Validation in animal models

We monitored various ECG arrhythmias in animal models using the
BreaCARES coupled with a smartphone and deep learning algo-
rithms (Fig. 3A). The ECG arrhythmias were induced by delivering
the drug consisting of calcium chloride, which increased the levels
of calcium in the blood, disrupted the heart’s electrical impulses,
and thus led to abnormal heart rhythms (46-48). Short-time Fouri-
er transform (STFT) was used to transform the time-domain signals
into a time-frequency representation (Fig. 3B). Furthermore, a data
augmentation procedure was implemented to enhance the dataset
of ECG signal images for cardiac event classification (see details in
Materials and Methods). We adopted a convolutional neural net-
work (CNN) to conduct the condition classification of these cardiac
events with a classification accuracy of 98.387% for the prediction
(Fig. 3C). From Fig. 3D, the resulting spectrograms provided a clear
and distinct visualization of the different types of ECG events (fig.
$10) consisting of onset of drug delivery (normal state; fig. S11),
atrioventricular block (AV block; fig. S12), atrial fibrillation (AF; fig.
S13), ventricular flutter (VFL; fig. S14), ventricular fibrillation (VF;
fig. S15), and the final death (fig. S16). These spectrograms exhibited
unique patterns in the time-frequency domain, reflecting the dis-
tinct nature of each cardiac event. Right after the surgery, distinct
differences in the morphology between the control sample and the
drug-induced sample were found from the hematoxylin and eosin
staining results of heart slices (fig. S17).

Volunteer study of BreaCARES for personalized health care

In comparison to the commercial hard-wired and bulky ECG ap-
paratus, BreaCARES offers several advantages such as being thin
and lightweight, high signal quality and stability, wearing comfort,
and biocompatibility to skin health. The whole cardiac electronic
system was wireless and portable, enabling noninvasive, continuous,
and real-time monitoring of cardiac health (Fig. 4A and movie S2).
The bioadhesive LM electrodes had a lower skin impedance (Fig.
4B) than the commercial Ag/AgCl gels, offering higher signal-to-
noise ratios and signal stability during various daily activities such
as sleeping, sitting, walking, and exercising (Fig. 4, C and D). Fur-
thermore, BreaCARES was capable of providing continuous and
comfortable cardiac monitoring for 9 days (Fig. 4E). We monitored
the ECG signals of 18 volunteers from different gender and age
groups (<24, 24 to 40, and >40 years old) under resting states and
exercising states (Fig. 4, F to M). The average heart rate values under
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Fig. 3. Functional validation of BreaCARES in animal models. (A) Schematic illustration of BreaCARES integrated with deep learning algorithms for detection and clas-
sification of drug-induced ECG arrhythmias in a rat model. (B) Processing flow of condition classification of cardiac events obtained with BreaCARES using CNN, which
included original ECG signal processing, data augmentation, dataset establishment, ResNet-50 classification, and output of results. (C) Accuracy classification of CNN
of six cardiac events including normal state, AV block, AF, VFL, VF, and the final death. (D) Spectrograms of six cardiac events exhibiting unique patterns in the time-

frequency domain.

the exercising state were higher than those under the resting state
for both males and females. The heart rate of the middle-aged (aged
24 to 40 years old) group was higher than those of the other groups.
Important intervals such as PR, QRS, and QT intervals under rest-
ing states and exercising states were also investigated among differ-
ent age and gender groups.

BreaCARES in clinical translations and adoptions

To evaluate the performance of BreaCARES, we compared the diag-
nostic accuracy, reliability, and stability in comparison with the clinical
gold standard, i.e., standard bedside ECG monitors in the cardiovas-
cular ICU. Several ICU clinically proven ECG monitors were adopted
including GE MAC 800 Resting ECG System (MAC 800, GE Health-
care), Mindray vital sign monitor (BeneView T8, Mindray USA),
and GE Solar 8000 M Patient Monitor (Solar 8000M, GE Healthcare).
To achieve long-distance (meter-scale) and continuous monitoring,
we adopted the battery-powered BreaCARES for clinical transla-
tions, including outpatient early diagnosis of heart diseases, stable

Zhuang et al., Sci. Adv. 11, eadu3146 (2025) 19 March 2025

intraoperative monitoring, and ICU-grade continuous 24-hour
postoperative monitoring. In comparison to the clinical gold stan-
dard, i.e., standard vital sign monitors in the operating room or in
the ICU, BreaCARES exhibited comparable accuracy with the stan-
dard monitors while maintaining superior stability.

First, BreaCARES served as a portable outpatient preoperative de-
tection tool with hospital-grade accuracy while exhibiting interference-
free stability (fig. S18 and movie S3) and superior wearing comfort
(Fig. 5A). Seven typical heart diseases including sinus bradycardia
(SB), MI (movie S4), ST-elevation MI (STEML; fig. S19), STEMI with
tachycardia (Tachy), AF, atrial flutter (AFL; Fig. 5B and movie S5), and
ventricular premature beats (VPB; fig. S20 and movie S6) were clearly
diagnosed by the BreaCARES (Fig. 5C). The signals from BreaCARES
displayed similar waveforms and features to those from the hospital
machine. The diagnostic result assisted by the long short-term memo-
ry (LSTM) neural network was 98.7% accurate with those from clini-
cal diagnosis (Fig. 5D). Notably, after removing the BreaCARES,
no adverse effects were caused on the skin. However, erythema and
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Fig. 4. Continuous ECG data collection and analysis for personalized health care. (A) Digital image of wireless BreaCARES for continuous on-skin ECG monitoring.
(B) Skin impedance of the commercial gel electrode and bioadhesive LM electrode as the function of frequency. (C and D) Statistical results of signal-to-noise ratios and
ECG signals of a commercial ECG device and BreaCARES under various daily activities (sleeping, sitting, walking, and exercising), respectively. (E) Continuous and wireless
ECG monitoring of an adult volunteer (male, aged 27) for 9 days. (F to I) Statistical results of heart rates, PR intervals, QRS complex, and QT intervals from ECG signals of
18 volunteers at resting states and exercising states as the functions of gender. (J to M) Statistical results of heart rates, PR intervals, QRS complex, and QT intervals from
ECG signals of 18 volunteers at resting states (blue columns) and exercising states (red columns) as the functions of age.
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AFL, and VPB. (D) Deep learning algorithm structure and the confusion matrix, showing the accuracy of BreaCARES for the diagnosis of various heart diseases when com-
pared with the standard hospital monitor. The slight difference was mostly induced by the difference in the lead position between BreaCARES and the hospital monitor
when collecting their ECG data at the same time because the overlapping of their lead positions cannot obtain their ECG signals simultaneously.

indentation were observed after the use of a hard-wired hospital ECG
diagnostic tool (fig. S21). Therefore, when involving continuous and
portable cardiac monitoring for early detection of possible cardiac dis-
eases, the BreaCARES can serve as a hospital-grade outpatient moni-
tor while offering a higher degree of stability, wearing comfort, and
biocompatibility.

Zhuang et al., Sci. Adv. 11, eadu3146 (2025) 19 March 2025

Apart from the diagnostic consistency with ICU standard moni-
tors, reliability and stability are also of great significance for evaluat-
ing “ICU-grade accuracy” The BreaCARES was adopted for
intraoperative monitoring of cardiac status during the mitral valve
replacement (MVR) operation (Fig. 6, A and B), which is a surgery
to replace a poorly working mitral valve with an artificial valve. First,
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Fig. 6. BreaCARES for real-time and stable intraoperative monitoring. (A and B) Digital images showing the intraoperative monitoring of a patient during the MVR
surgery using the wireless BreaCARES and clinical wired ECG monitor. (C) Comparison of recorded ECG signals using BreaCARES and hospital ECG monitor during the heart
surgery. (D) Continuous and stable intraoperative ECG monitoring by BreaCARES during MVR surgery including the onset of closing the aorta valve, operating, opening
of the aorta valve, and subsequent cardiac pacing for the recovery of regular heartbeats. (E) Spectrogram of the intraoperative ECG signals at various cardiac events in-

cluding the closure and opening of the aorta valve and cardiac pacing.

the battery-powered BreaCARES successfully communicated with a
smartphone and transmitted ECG data in a wireless and real-time
manner (movie S7). The ECG signal recorded by the wireless
BreaCARES remained very stable either in preoperative preparation
(fig. S22) or during operation (Fig. 6C and movie S8), while wired
hospital devices displayed drifted and noisy signals. Various cardiac
states during the surgery were recorded by BreaCARES in real time,
including the onset of closing the aorta valve, operating, opening of
the aorta valve, and subsequent cardiac pacing for the recovery of
regular heartbeats.

Specifically, after performing a median sternotomy, cardiopul-
monary bypass was initiated when the heart was not actively beat-
ing, and the functions were taken over by a heart-lung machine.
Throughout the surgical procedure including cardiopulmonary
bypass, cardioplegia, exposure of the mitral valve, removal of the
diseased valve, preparation of the mitral annulus, implantation of
the new valve, and the closure of the left atrium, the recorded
ECG signals had low amplitude and were irregular, correspond-
ing to cardiopulmonary bypass or background electrical activity
[image (i) in Fig. 6D]. Next, the heart was restarted, and the
blood flow was gradually restored when opening the aortic valve,
which resulted in sudden spikes and the emergence of irregular

Zhuang et al., Sci. Adv. 11, eadu3146 (2025) 19 March 2025

ECG signals. Irregular QRS complexes with varying intervals and
amplitudes indicated the ECG arrhythmia after MVR surgery
[image (ii) in Fig. 6D]. To resolve the ECG arrhythmia, cardiac
pacing was carried out with the appearance of clear pacing spikes
followed by regular, synchronized QRS complexes of ECG signals.
The corresponding spectrograms of cardiac events are shown in
Fig. 6E, including operating with the closure of the aorta valve,
opening of the aorta valve, and subsequent cardiac pacing for the
recovery of regular heartbeats.

For the postoperative cardiac care in Fig. 7, we have compared the
performance of BreaCARES and the clinical gold standard for long-
term monitoring, i.e., ICU vital sign monitor (GE Solar 8000M Patient
Monitor, GE Healthcare). BreaCARES was further capable of provid-
ing ICU-grade postoperative monitoring continuously and comfort-
ably (Fig. 7A and movie S9). In comparison to the wired clinical ECG
monitor, the BreaCARES avoided the use of cumbersome readout de-
vices (Fig. 7B) with superior signal quality and stability (Fig. 7C).

BreaCARES exhibited diagnostic consistency with standard ICU
monitors in terms of a sequence of pathological states of the ICU pa-
tient during the long-term monitoring (Fig. 7, D and E). At the first
hour of monitoring, postoperative T-wave inversion ECG signals were
recorded, potentially indicative of myocardial ischemia after the heart
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Fig. 7. BreaCARES for ICU-grade inpatient continuous postoperative monitoring for 24 hours. (A and B) Digital images showing the intraoperative ECG monitoring
of a patient using wireless BreaCARES and clinical wired and bulky ECG monitor. (C) Comparison of postoperative ECG signals using wireless BreaCARES and clinical wired
ECG monitor. (D) Continuous and real-time postoperative inpatient monitoring by wireless BreaCARES in cardiovascular ICU for 24 hours, during which various cardiac
arrhythmias of the patient were clearly detected including ECG T-wave inversion, Tachy, VPB after Tachy, persistent AF happening, and post-AF ECG signals from the
medication administration of amiodarone. (E) Spectrograms of a variety of postoperative ECG signals including T-wave inversion ECGs, VPB after Tachy, persistent AF hap-
pening, and post-AF ECG signals from the medication administration of amiodarone.

surgery. After 8 hours, high-frequency waveforms with a marked in-
crease in amplitude by ~3.2-fold were recorded, suggesting a supra-
ventricular Tachy. The Tachy ECG abnormalities lasted for more than
4 hours, with the appearance of irregular oscillations with significant
amplitude fluctuations in the VPB ECG signals, which mainly resulted
from abnormal electrical activity in the ventricles after the heart sur-
gery. After continuous monitoring for more than 20 hours, we ob-
served the occurrence of persistent AF, of which many f waves
appeared with the weakened/missing P waves, QRS complexes, and T
waves in the ECG signals. The f waves had high frequency and low
amplitude, which were more clearly identified in the spectrograms in
Fig. 7E. After 24 hours, the medication administration of amiodarone
resulted in the partially missing f waves, indicating the gradual recov-
ery from the AF arrhythmia (Fig. 7F).

DISCUSSION

Existing clinical equipment in established inpatient settings is usually
multiple hard wired, specialist required, invasive, and cumbersome. In
contrast, digital health technologies based on soft and wearable elec-
tronic devices and systems potentially enable noninvasive, on-body,
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and portable health care monitoring and improve personalized pa-
tient outcomes.

Nevertheless, existing wearable technologies still suffer from un-
addressed gaps in clinical translations and adoptions owing to diffi-
culties in achieving medical-grade accuracy with real-time and
sufficient datasets for clinical decision-making and poor patient/
consumer compliance from impermeable and bulky form design
factors and integrations.

Our proposed BreaCARES is the ICU-grade and breathable type
of cardiovascular digital health platform for health care, outpatient
diagnostics, and intraoperative and postoperative monitoring, ex-
hibiting ICU-grade accuracy while having superior anti-interference
stability, portability, and long-term on-skin biocompatibility to
the clinically and commercially available cardiac monitors in ICUs.
In comparison to conventional bulky and hard-wired single-lead or
multilead monitors, inherent advantages of BreaCARES such as
medical-grade accuracy, superior portability, compactness (minia-
turization and lightweight), biocompatibility, and wearing comfort
have been demonstrated. Nevertheless, the single-lead design also
limits the diagnostic capability for complex conditions as it only
provides a single view of the heart’s electrical activity on each lead
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placement. In conclusion, BreaCARES can serve as a superior wire-
less single-lead ECG monitor and a complement tool for multilead
monitors in various clinical studies including outpatient diagnos-
tics, intraoperative monitoring, and postoperative inpatient cardiac
care in ICUs.

To our knowledge, BreaCARES is one of the most advanced car-
diac systems in terms of permeability, integration complexity, sam-
pling frequency, continuity, biocompatibility, and comprehensive
clinical practices (table S1). We envision that BreaCARES will be-
come a novel cardiac care platform with both medical-grade accu-
racy and wearing comfort over long term and large populations,
which is compatible with both established inpatient and outpatient
health care settings.

MATERIALS AND METHODS

Materials

Solvents were purchased from Anaqua Global International Inc.,
Ltd. The photoresist (NR9-1500P) and the developer for NR9-1500P
(DR6) were purchased from Futurrex, Inc., US. LM was obtained
from Sigma-Aldrich. All materials were used as received.

Fabrication of BreaCARES

The fabrication of permeable stretchable 3D integrated LM circuit
board (LM antennas, traces, connections, contacts, electrodes, VIAs,
various electronic components, etc.) followed previously developed
protocols (43), in which the stretchable and stable 3D electrical in-
terfaces were achieved by LM hybrid solders. The biocompatible and
bioadhesive mat was deposited onto the LM biopotential electrodes
by direct electrospinning of PAA/NHS ester polymer solution {10 wt %
PAA, 0.4 wt % N-hydroxysuccinimide, 0.8 wt % 3-[(ethylimino)
methylidene]amino-N,N-dimethylpropan-1-amine, and water as the
solvent}. The BreaCARES typically adopted BLE-integrated MCU
(CC2640, Texas Instruments) to achieve data acquisition, transmis-
sion, and functional control. Code Composer Studio was used for
MCU programming. A 3.3-V LDO (TPS76933, Texas Instruments)
was used to provide a stable power supply for the MCU. A biopoten-
tial sensing chip (MAX30003, Analog Devices) was used as the AFE
for ECG sampling (sampling rate: 500 Hz). A 1.8-V LDO and a
32.768-kHz crystal were equipped for driving the sampling of the
AFE. The data were read by the MCU through serial peripheral in-
terface communication and then were transmitted to the mobile de-
vice wirelessly through BLE 5.0 and plotted in real time on the
graphical user interface of the Android application (developed by
Android Studio 2022.2.1). An inductive coil and capacitors that set
the resonant frequency at 13.56 MHz enabled wireless power supply
or charging. The received radio frequency signals were rectified with
a full wave bridge rectifier with a smoothing capacitor. A hybrid LM
solder was formulated by using oLM (80°C, 16 hours) as the contact
pads and pristine LM as the paste connecting LM circuits and the
pins of electronic components. Pins of rigid electronic components,
including ECG AFE, light-emitting diodes, MCU module, oscillator,
BLE antenna, LDOs, and rectifier and matching capacitors, were ad-
hered onto the printed oLM pads with additional LM pastes. Last,
the whole monolithic BreaCARES microelectronic system was en-
capsulated with another electrospun SBS fiber mat. Here, the “per-
meable but waterproof mat” was obtained by electrospinning the SBS
fiber mat directly onto the existing electronic system. The SBS poly-
mer solution was prepared by dissolving the SBS polymer in the
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mixed solvent including tetrahydrofuran and dimethylformamide
(volume ratio, 3:1) with a weight ratio of 13 wt %. The set voltage
was 18 kV, and the collecting distance was 15 cm. For the battery-
powered BreaCARES design, we have two types of batteries for
short-term and long-term cardiac monitoring. The former was a
small coin cell-sized battery (LIR1040; diameter, 10 mm; height, 4 mm)
with a capacity of 35 mAh. The latter was a large-sized battery (DDH
702030; length, 30 mm; width, 20 mm; height, 7 mm) with a capacity
of 300 mAh. Specifically, when in standby mode (Bluetooth was not
connected, and the sampling process started), the current consump-
tion of the circuit was less than 2 mA; at sampling mode (Bluetooth
was connected, the sampling process started, and data streaming
started), the current was less than 3 mA. Thus, the short-term-use
battery could support the circuit continuously running for at least
11.7 hours, and the long-term-use battery could support for at least
100 hours.

Characterizations

The morphology of LM 3D circuits including fiber mats, upper and
base layers of LM traces, and LM VIAs was observed by scanning elec-
tron microscopy (TESCAN VEGA3). The electrical resistance of resis-
tors and capacitors connected with hybrid LM solders under different
strains was measured by a four-terminal method with a source meter
(Keithley 2400) coupled with a customized stretching deep (Zolix).
The impedance and phase of the LM coil antenna were explored by an
impedance analyzer (E4991B, Keysight Technologies). Moisture per-
meability tests were performed under the standard E96/E96M-13 by
the cup method (temperature, 22°C; humidity, 63%; 72 hours). The
shear adhesion strength was tested according to Standard ASTM 2255.
Porcine skin was purchased from the local market. Porcine skin, bio-
adhesive LM, medical tape (3 M), and commercial gel (3 M) were cut
into pieces (2.5 cm by 5 cm). The overlapped area of porcine skin and
each group was set as 2.5 cm”. Free ends of the adhered samples were
clamped onto the universal testing machine (Instron 5566) with a load
cell of 500 N and a testing speed of 50 mm/min. The average peak
force was recorded and divided by the adhered area (ie., 2.5 cm?) to
obtain shear adhesion strength. Different amounts of artificial sweat
(pH, 4.7 + 0.1; Zhongwei Equipment) were applied onto the porcine
skin to test the wet adhesion strength, mimicking the sweating pro-
cess. The skin impedance of LM biopotential electrodes and commer-
cial gel electrodes was tested by an electrochemical workstation (CHI
660) using the electrochemical impedance spectroscopy technique.
The distance between testing electrodes adhered to the skin surface
was set as 5 cm. Impedance and phase angle as the function of fre-
quency ranging from 1 to 10,000 Hz were recorded by an ac sinusoid
signal amplitude of 10 mV. The samples for moisture and air permea-
bility tests included BreaCARES electrodes, a positive control sample
(cotton fabric), commercial ECG electrodes, and samples from three
brands including KANGRU, BSS, and INTCO. The moisture permea-
bility of BreaCARES electrodes and commercial electrodes was tested
on the basis of the E96/E96M-13 standard (cup method) with a testing
duration of 72 hours. The air permeability of various electrodes was
tested according to the ASTM D737-08 standard with a MO21S air
permeability tester (SDL America) at the airflow pressure of 100 Pa.
The S;; data were measured by an Agilent 8753ES S-parameter net-
work analyzer in the frequency range between 8 and 20 MHz, with an
electro-magnetic interference near-field probe (transmitting coil; di-
ameter, ~6 cm). The resonance frequency changed from 14.16 MHz
(0%) to 12.43 MHz when 60% uniaxial stretching strain was applied.
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Finite element analysis (FEA)

Static structural mechanics of the stretchable LM coil antenna were
analyzed by FEA. Material mechanical parameters and output re-
sults are summarized in table S2. The LM coil antenna was subjected
to a series of biaxial mechanical tensions ranging from 0 to 200%
tensile strains. The stress responses were collected. The ratio of the
maximum stress to the average stress was adopted as the stress con-
centration factor, i.e., Gppay/ GCavg

Cell cytotoxicity test

C2C12 cells (Servicebio) were used to examine the in vitro cytotox-
icity of materials for cardiac electronic skin including SBS mat,
PAA/NHS ester mat, and LM circuit. Briefly, 5 X 10° C2C12 cells in
200 pl of full Dulbecco’s modified Eagle’s medium (Servicebio) supple-
mented with 10% fetal bovine serum (Servicebio) and 1% penicillin/
streptomycin (Servicebio) were seeded in a 96-well plate. The fresh
full medium and 20% dimethyl sulfoxide/full medium mixture were
used as the blank and negative control, respectively. All samples
were cultured at 37°C in an incubator with 5% CO,. After 24 hours
of incubation, CCK-8 assays were used to quantify the cell viability.
The cell viability was determined using the absorbance ratio be-
tween the tested well and the blank control well. In addition, calcein-
AM/propidium iodide (calcein-AM/PI) staining was used to test the
cell proliferation and viability. Similarly, C2C12 cells were seeded in
a 24-well plate. After a 24-hour incubation, the medium from the
culture plate was discarded and 1 ml of fresh full medium was add-
ed. Then, 0.2-cm” sterile samples were directly added to the 24-well
plate to evaluate the cytotoxicity of the materials. The fresh full me-
dium and 20% dimethyl sulfoxide/full medium mixture were used
as the blank and negative control, respectively. After incubation for
1, 2, and 3 days, calcein-AM/PI staining was used to observe live
and dead cells in different groups according to the manufacturer’s
protocol. Briefly, after discarding the culture medium, a 200-pl
phosphate-buffered saline staining solution with 0.4 pl of Calcein-
AM and 0.4 pl of PI was added and incubated for 30 min. After
rinsing with phosphate-buffered saline, cells were observed using a
fluorescence microscope (Nikon Ti2-E).

Animal experiment, cryosection, histological staining, and
observation of heart slices

All animal experimental procedures were approved by the Institu-
tional Animal Care and Use Committees at the City University of
Hong Kong (AN-STA-00000274). Male Sprague-Dawley rats (aged
10 weeks, ~300 g, n = 3) were first treated with gaseous anesthesia
(isoflurane, 3%). Surface ECG signals were recorded using the
BreaCARES wirelessly connected to a smartphone. After rapid in-
travenous injection of calcium chloride (CaCl,, Aladdin Bio-chem
Technology Co.) solution at a dose of 0.4 mg/kg (dissolved in saline
at a concentration of 0.1 g/ml), abnormal ECG signals were record-
ed simultaneously. Last, the rats were euthanized using carbon diox-
ide. The rats in the control group received an equivalent volume of
normal saline and were subsequently euthanized with carbon diox-
ide. Next, the heart tissues of rats were collected for histological
evaluation. Briefly, heart tissues were fixed in 4% paraformaldehyde
and then dehydrated in a sucrose gradient solution (i.e., 10, 20,
and 30%). After being embedded in an optimal cutting temperature
compound, these tissues were frozen sectioned using a freezing mi-
crotome (Cryostar NX70, Thermo Fisher Scientific) with a section
thickness of 14 pm. Subsequently, the slice samples were stained
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with a hematoxylin-eosin staining kit (Solarbio), sealed using neu-
tral balsam (Biosharp, Life Sciences), and observed and photo-
graphed using a light microscope (Nikon).

STFT procedure of ECG signals

In this study, a comprehensive batch of ECG signals was collected,
representing a range of cardiac events including the normal state,
AV block, AE, VFL, VE and the final death. Here, the specific size of
the dataset was 102 each X 6 types = 612 in total. A sampling fre-
quency of 500 Hz was selected, which was adequate for capturing
the essential details in ECG signals, as it was well above the Nyquist
rate for the highest-frequency components typically present in such
signals. The diversity in these signals encapsulated the complexity of
cardiac rhythms and their respective pathophysiological states. ECG
signals from six cardiac events during the drug delivery process
were clearly recorded by wireless BreaCARES (fig. S10). Original
ECG signals were not directly applicable to the input form of CNN;
therefore, STFT was used to transform the time-domain signals into
a time-frequency representation. The continuous STFT was

X(t,f) = J' o(t —t)x(t)e 7 d

—00

1

where o (t — ) is the window function, fis the frequency parameter,
x(7) is the original signal, and X is the transformed signal. Because
the collected signal is always discrete, we used the discrete STFT here
o —j2nfm

X(n,f) = Zm:_oo w(n—m)x(m)e ¥ )

This transformation allowed us to observe not only the presence

of various frequency components but also how these components
varied over time, which was a crucial aspect when dealing with non-
stationary signals such as ECG. During STFT, a window length of 36
was used to balance the resolution in the time-frequency domain,
with an overlap of 20 to ensure continuity and preserve information
between adjacent frames. The window function was set as the Ham-

ming window
2nn )
N-1

where gy = 0.53836. The number of fast Fourier transform points
was set to 36, which guarantees the proper frequency resolution. A
gap of 30 was maintained between successive STFT computations to
reduce computational load without sacrificing the temporal resolu-
tion. Last, the STFT output images were resized to 224 by 224 pixels,
a dimension suitable for feeding into neural network models with-
out significant loss of information.

o(n) =ay — (l—ao)cos< 3)

Data augmentation

Biological procedures were hard to control, so the sample number
varies among different classes, and some of them may be insufficient
to form qualified neural network input. To address these scenarios,
we used data augmentation techniques. The following description
outlined the data augmentation procedure implemented to enhance
the dataset of ECG signal images for cardiac event classification. To
ensure an adequate number of examples in each category, a target
number of 102 images per category were set. The augmentation pro-
cess was applied to any category that did not meet this threshold. The
augmentation was performed using MATLAB and defined by two
primary transformations. First, additional salt-and-pepper noises
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were added by a 15% noise density. Second, to simulate slight varia-
tions in the ECG signal from different heart rates, these images were
further scaled along the x axis between 90 and 110% randomly of
their original size. By using these data augmentation methods, the
dataset gained variety and volume, which improved the generaliza-
tion ability of a deep learning model trained on it. The augmented
dataset better represented the variability encountered in real-world
scenarios, thus enhancing the robustness of the subsequent classifi-
cation task.

Cardiac condition recognition by a deep network

We used a CNN model to conduct the condition classification. Once
the data store was initialized, the dataset was automatically split into
two parts: 70% of the data were used for training the model, while
the remaining 30% were reserved for validation. The split was ran-
domized to ensure that both sets were representative of the overall
dataset. The network was trained using the stochastic gradient de-
scent with momentum optimizer. Training options were configured
with an initial learning rate of 0.01, a maximum of 10 epochs, and a
minibatch size of 64. A shuffle operation for the training data before
each epoch was deployed to prevent the network from learning the
order of the training data, which improved generalization. The
training procedure was conducted on a RTX 2080 GPU platform
with 16G RAM and i7 Intel CPU.

Volunteer and clinical practices

All procedures in the on-skin attachment of BreaCARES on the volun-
teers followed ethical guidelines (HSEARS20230101001), which were
approved by The Hong Kong Polytechnic University. The long-term
on-skin attachment test was carried out by covering the left forearm
skin with the commercial electrode (KANGRU) and BreaCARES elec-
trode for 1 week. The clinical practices of BreaCARES followed ethical
guidelines (KY-H-2024-020-08) in Guangdong Provincial People’s
Hospital of Southern Medical University. Hospital ECG monitors in-
cluding the GE-MACS800 system, GE Solar 8000M Patient Monitor,
and Mindray vital sign monitor were adopted. The ECG lead was
mainly placed at the left sternal border, specifically at the fourth inter-
costal space, as it provides information about the anterior and lateral
walls of the heart. For intraoperative ECG monitoring during MVR
surgery, the surgeons put the recording electrodes separately while
keeping them away from the surgical field, i.e., the left side of the chest.
In this way, the operating noise and pressure have been largely miti-
gated on either the clinical electrode (near shoulder) or BreaCARES
electrode (side). The positional difference is inevitable when compar-
ing the performance of BreaCARES with the standard monitor be-
cause it was impractical to overlap their recorded skin area while
collecting their ECG data at the same time.

Seven types of ECGs were collected from different patients, includ-
ing MI, STEMI, STEMI with Tachy, SB, AE, AFL, and VPB. The signals
were segmented into 427 samples for training and testing, with the la-
bels determined by experienced cardiac surgeons. These samples were
divided into a training set of 350 samples and a testing set of 77 sam-
ples. To improve the processing efficiency when managing long-term
dependencies, we further adopted LSTM—a type of recurrent neural
network architecture designed to model sequential data and capture
long-range dependencies. ECG data collected from gold standard ICU
ECG monitors and BreaCARES were directly input into LSTM. The
confusion matrix revealed a single misclassification in the SB cate-
gory, potentially due to baseline drift. The model was trained on a deep
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learning workstation equipped with an Intel i7 14700 CPU, Nvidia
RTX 4060Ti GPU, and 32GB RAM. The LSTM network used a tanh
activation function for state transitions and a sigmoid function for gate
operations, with a cross-entropy loss function to optimize performance.
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