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ABSTRACT: A growing population suffering from or at high risk of developing cardiovascular
diseases can benefit from rapid, precise, and readily available diagnostics. Textronics is an
interdisciplinary approach for designing and manufacturing high-performance flexible electronics
integrated with textiles for various applications, with electrocardiography (ECG) being the most
convenient and most frequently used diagnostic technique for textronic solutions. The key
challenges that still exist for textronics include expedient manufacturing, adaptation to human
subjects, sustained operational stability for Holter-type data acquisition, reproducibility, and
compatibility with existing solutions. The present study demonstrates conveniently paintable ECG electroconductive coatings on T-
shirts woven from polyester or 70% polyamide and 30% polyester. The up to 600-μm-thick coatings encompass working electrodes
of low resistivity 60 Ω sq−1 sheathed in the insulated pathways�conjugable with a wireless, multichannel ECG recorder. Long (800
μm) multiwalled carbon nanotubes, with scalable reproducibility and purity (18 g per round of synthesis), constituted the
electroactive components and were embedded into a commercially available screen-printing acrylic base. The resulting paint had a
viscosity of 0.75 Pa·s at 56 s−1 and 25 °C and was conveniently applied using a paintbrush, making this technique accessible to
manufacturers. The amplified and nondigitally processed ECG signals were recorded under dry-skin conditions using a certified
ECG recorder. The system enabled the collection of ECG signals from two channels, allowing the acquisition of cardiac electrical
activity on six ECG leads with quality at par with medical diagnostics. Importantly, the Holter-type ECG allowed ambulatory
recording for >24 h under various activities (sitting, sleeping, walking, and running) in three male participants. The ECG signal was
stable for >5 cycles of washing, a level of stability not reported yet previously. The developed ECG-textronic application possesses
acceptable and reproducible characteristics, making this technology a suitable candidate for further testing in clinical trials.
KEYWORDS: carbon nanotubes, conductive paints, coatings, textronics, electrocardiography

■ INTRODUCTION
Textronics encompasses an application-oriented interdiscipli-
nary approach.1 It aims to design and manufacture high-
performance flexible electronics integrated with textiles.2 These
complex applications require inspiration from a wide variety of
disciplines, such as the physicochemistry of materials,
electronics, computer science, automatics, and metrology.3 A
special area of interest for textronics is biomedicine, where an
amalgamation of stimuli-responsive materials with high
throughput applicability is desirable.4 Several global efforts
aim to apply textronics to improve diagnostics, therapeutics,
and the rehabilitation of patients. These can potentially
improve recovery, reduce mortality, and diminish healthcare
costs.1

Cardiovascular diseases are the top causes of death globally.
Annually, 18 million deaths occur due to cardiovascular
diseases, representing 31% of all global deaths (with 85% of
them occurring due to strokes and myocardial infarction). It is
hence inevitable to address those alarming statistics. Remote
textronics could improve health and save lives in aging
societies, particularly for older adults living alone. The
COVID-19 pandemic has expanded the use of remote

diagnostics and theranostics via telemedicine.5 Studies
conducted during the pandemic revealed that simple,
inexpensive, well-established, and noninvasive diagnostic
techniques such as electrocardiography (ECG) could sub-
stantially reduce mortality in high-risk patients. ECG allows the
monitoring of several parameters associated with cardiac
pathologies, such as QT interval prolongation, which is
associated with fatal arrhythmias and cardiac arrest.6 Sultanian
et al. found that the pandemic increased mortality in cases of
cardiac arrest, warranting intensive monitoring and preventive
measures.7 Moreover, the prolongation in the QRS interval
could be the marker of respiratory failure.8 The European
Society of Cardiology recommends routine ECG upon initial
assessment and even to monitor treatment progress.9,10 Studies
have shown that continuous ECG monitoring during home
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management of COVID-19 reduces the risk of major adverse
events.11,12 Moreover, tracking the oxygen saturation level
along with ECG reduces the risk of hospitalization while QRS
interval prolongation could be a marker for respiratory failure.
This can allow the detection of low levels of oxygen saturation,
which is an important parameter indicating severity and
progression.13 Oxygen saturation below 90% on admission is a
strong predictor of patient mortality.14 Moreover, a large threat
is silent hypoxia that occurs in the absence of dyspnea or
tachypnea, resulting in treatment delays and increasing the
probability of developing acute respiratory failure.15

The core of remote ECG systems is flexible electrical circuits
that are conveniently implantable into textiles and electronics
via metallic interconnections.16,17 This is unlike conventional
gel-coated Ag/AgCl electrodes, which show signal quality
degradation as the gel dehydrates with prolonged use.18,19 Dry
electrodes that maintain time-stable electrical contact with the
skin can become an alternative to gel electrodes for continuous
long-term ECG monitoring. Previously, a shirt with screen-
printed silver paste on the fabric and equipped with a low-
consumption battery enabled ECG data collection for up to 14
days.20 Similarly, scalable GaIn-polymer conductors can be
screen-printed on a T-shirt.21 Sinha et al. demonstrated the
integration of screen-printed ECG circuitry using a commer-
cially available conducting polymer poly(ethylenedioxy−
thiophene):poly(styrenesulfonate) onto finished textiles. The
polymer-formed electrodes and wires enabled ECG signal
recordings comparable to the classical Ag/AgCl electrode
connected to copper wires.22

In recent years, carbon nanomaterials have become the most
promising candidates in textronics owing to their excellent
electrical and mechanical properties, low density, and
biocompatibility.19,23,24 The incorporation of nanomaterials
such as graphene20,25−27 or carbon nanotubes (CNTs) with
various morphologies and surface physicochemistries28−32 can
improve the electrical performance of flexible electrodes.
Gilshteyn et al. prepared electrically conductive hydrogels as
skin-like electrodes for wearable electronics.33 The incorpo-
ration of graphene and oxidized multiwalled carbon nanotubes
(MWCNTs) into paper also yielded a flexible electrode.34

Additionally, a wireless CNT-based T-shirt for ECG
monitoring was designed by Taylor et al.35 They constructed
electrodes and transmission wires using a thread dip-coated in
CNT ink, which was sewn into the T-shirt fabric. In Table 1,
we summarized up-to-date ECG technologies based on CNTs
and/or their hybrid materials with their key characteristics
geared toward high-performance Holter-type monitoring.

Textronic solutions for reliable ECG monitoring have been
recently developed that allow convenient manufacturing,
adaptation to a variety of human subjects, and sustained
stability including washability, reproducibility, and compati-
bility with existing solutions.16 Modifications in the local-
ization, geometry, number of electrodes, and conductive
pathways in seamless T-shirts could allow monitoring of
other biosignals, such as blood flow, respiratory rate, force
exertion, hydration level, and electrolyte balance.36 ECG is a
technique that allows the conversion of heart-derived
biopotentials to electrical signals. ECG�based on the standard
Ag/AgCl gel electrodes�allows assessing the functioning of
the heart and indicating a variety of cardiovascular diseases.37

However, standard Ag/AgCl gel electrodes have several
disadvantages, including the induction of dermatitis, dis-
comfort upon application of cold gel, and high cost.38

Additionally, using both standard office ECG and long-term
ECG (i.e., Holter-type ECG) poses several challenges. These
include recording of resting ECG only in the supine position,
using up to 12 electrodes, and requiring qualified personnel for
treating the patient’s skin. Furthermore, Holter-type ECG
electrodes should remain undisturbed for at least 24 h.
Additionally, the cables can interfere with patient movement.
Lastly, standard electrodes might change conductivity and
become breakable upon drying.

Here, we demonstrate as-grown long (L)-MWCNT-based
textronics, which are notably a few orders of magnitude less
expensive than their SWCNT counterparts, for long-duration
Holter-type ECG monitoring. Electrodes and insulated path-
ways were conveniently and inexpensively painted all-in-one
onto a finished polyester or polyamide−polyester T-shirt and
integrated with snap fasteners to enable signal output. The
circuits in the T-shirts were oriented in various geometries and
had flexibility and stretchability matching the human skin. Our
technology allowed continuous ECG recording at par with
medical diagnostics quality and in various activities performed
by different male participants. The outcomes of this work bring
us closer to effective and reproducible solutions for rapid
medical intervention in remote, outpatient, and hospital
settings.

■ MATERIALS AND METHODS
Materials. Ferrocene (FeCp2; 98%, Sigma-Aldrich), toluene (pure,

Chempur), sodium dodecyl sulfate (SDS; ≥90%, Sigma-Aldrich), and
argon (5.0 UN1006, Siad Poland Ltd.) were used as purchased.
Sicotex SX 150 (SICO Screen Inks, Belgium) was used as a
transparent acrylic paint base. SDS was used as an auxiliary stabilizer.
Deionized water (5 μS cm−1) was used as the diluent/solvent.

Synthesis and Characterization of Long MWCNTs. Long
MWCNTs (L-MWCNTs) were synthesized via chemical vapor
deposition (CVD) under well-established conditions, and their
characteristics were experimentally determined.39 Briefly, the reactor
served a one-heating-zone (760 °C) STF1200 Tube Furnace (Across
International) equipped with a preheater (250 °C) and a syringe
pump. The feedstock used was 5.5 wt % of FeCp2 (catalyst precursor)
in toluene (main carbon source) dosed at a rate of 2.8 mL h−1. The
flow rate of the carrier gas argon was 1.8 L min−1, and the synthesis
lasted 24 h. The synthesis emerged as scalable in reproducibility and
purity (18 g per synthesis), using up to five synthesis runs per one
quartz tube. Scanning electron microscopy (SEM; Phenom Pro
Desktop SEM, Thermo Fisher Scientific, Warsaw, Poland) equipped
with an energy-dispersive X-ray spectroscopy (EDX) detector (15 kV)
was used to acquire the micrographs. Transmission electron
microscopy (TEM) was acquired using Thermo Scientific (FEI)
Talos F200X G2 TEM at 200 kV with a Ceta 4 k × 4 k CMOS
camera. Thermogravimetric analysis (TGA) curves were recorded
using a PerkinElmer TGA 8000 thermobalance at a heating rate of 10
°C min−1 under both argon and air atmosphere. Raman spectra were
acquired with a Renishaw Ramascope1000 spectrometer using a 633-
nm-laser with a resolution higher than 1.5 cm−1.

Preparation of the Electroconductive Paint. L-MWCNTs
were preincubated using a 5 wt % SDS solution according to the
previously published method.40 Preindividualized MWCNTs (5 g)
were ultrasonicated in 200-mL water using an ultrasonic bath
(Bandelin Sonorex Super RK106, 35 kHz, nominal power 480 W)
for 30 min. The suspension was stirred using Silverson L5MA (10,000
rpm) and transferred to a cup blender (Bosch SilentMixx). Acrylic
base (45 g) was added in portions until the appropriate concentration
was achieved. After the addition of all the binders, the resulting slurry
was stirred again with a Silverson high-shear mixer for 1 h at
maximum speed.

Rheology of the Electroconductive Paint. The rheological
behavior of the paint at 25 °C was measured using spring-type
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viscosimeter DV2TRV (Brookfield, USA) with a small sample adapter
(spindle SC4-28, chamber SC4-13RPY) via two consecutive shear
rate ramp tests: up (1−200 rpm, 0.28−56.0 s−1) and down (200−1
rpm, 56.0−0.28 s−1) with 30-s intervals between each experimental
point. Furthermore, the yield stress of the paint was measured using a
viscosimeter spring deformation method. The paint was sheared for
30 s at a very low shear rate of 0.28 s−1 (1 rpm) before the spindle
rotation was stopped. The deformed spring forced the spindle to
move back, reducing the torque and shear stress on the spindle surface
until it stopped precisely at the yield stress of the sample.41 The values
of yield stress were determined in triplicate and averaged. The
estimated expanded uncertainty of the rheological measurements was
±4.7%.

Preparation of the Insulated Conductive Pathways. Three
layers of Sicotex SX 150 insulation were applied using a brush (No.
16) on a knitted textile substrate (Decathlon or 4F; polyester, 70%
polyamide and 30% polyester, and polyurethane Elastan). Upon
application, each layer of the insulation was thermoset in a laboratory
dryer for 15 min at 105 °C. The conductive paint was applied to the
insulating layers multiple times to obtain a satisfactorily low surface
resistivity of the conducting path (60 Ω sq−1). Each layer of the
conducting paint was thermoset in the laboratory dryer for 30 min at
80 °C. The final insulation layers were painted in repeatedly
alternating painting and thermosetting until the resistance between
the electrode surface and the insulation could not be measured, i.e.,
>40 MΩ sq−1.

Measurements of the Electrical Properties of the Coatings.
A multimeter (UNI-T UT139C with 15.5-mm-diameter brass
electrodes) was used for resistance measurements. An electronic
universal micrometer (LINEAR 0−25 mm with 6.5-mm diameter
probes) was used to measure the thickness of the neat and coated
knitwear.

Measurements of the Mechanical Properties of the Coated
T-Shirt Fabric. A static tensile test was performed according to the
ISO 13934-1:2013 standard using Zwick Roell Z020. The extension
rate was 100 mm min−1, and the initial force was 2 N (rate 5 mm
min−1). The test sample dimensions were 250 mm × 50 mm, and the
measurement length was 104 mm. The electrical resistance (measured
as above) was monitored upon elongation of the sections of pristine/
neat and painted/coated T-shirt fabric. The results are presented as a
function of %-elongation. Each measuring point was constructed from
three independent measurements.

Washing Parameters. In the washability studies, fabrics were
vigorously agitated in 0.2-wt % SDS aqueous solution. The stirring
rate was controlled at 300 rpm, and each washing lasted for 2 h for the
first four cycles. For the fifth cycle, the washing time was increased to
12 h. The test was performed on three individual sets of samples.

ECG Recording. A BlueECG-210 module was used as a wireless
device to allow noninvasive cardiological diagnostics of patients of all
ages and health statuses. The device had cardiac floating protection
for its use in the medical and nonmedical facilities. It was powered by
a lithium-polymer battery inaccessible to the user. The device could
work continuously for not less than 24 h, record 12-lead ECG signals,
and could be used in both rest mode and stress testing. The ECG
signals were transmitted in real time via a wireless link to the certified
4HeartsCardiv IT system dedicated to cardiac supervision. The
4HeartsCardiv software was used for the acquisition, visualization,
and archiving of ECG signals and biophysical parameters of the
patient. These included heart rate (HR), oxygen saturation (SpO2),
blood pressure, and body temperature. The system enabled the
presentation of the electrocardiogram, downloading of examination
results from the database, and printing of required parts of the
electrocardiogram. A wide-frequency response and unique filtration
system guaranteed the accurate presentation of electrocardiograms.
Additionally, the system allowed for reliable measurements and
analyses as the basis for the interpretation of changes in heart
morphology and arrhythmias. HR and ECG measurements (in various
arrangements of electrodes and recording systems) were performed
for four participants: a 22-year-old male with asthma, a 54-year-old
healthy male, a 42-year-old male with diabetes, and a 51-year-old male

with cardiovascular disorders). The participants varied in terms of
their physiques.

■ RESULTS AND DISCUSSION
Synthesis of Highly Vertically Aligned L-MWCNT

Array. The synthesis process involved embedding highly
vertically aligned L-MWCNT arrays (so-called “carpet” or
“film”) in the electroconductive coating onto a T-shirt, forming
the measuring unit of the functional textronics (Figure 1).

L-MWCNTs served as the key electroconductive compo-
nent and were synthesized via CVD (Figure 1A). The synthesis
was performed in a quartz tube reactor (1) placed in a furnace
at a computer-controlled (6) temperature following previously
reported protocol but with a longer synthesis time (24 h). This
enabled us to achieve 0.8-mm-long MWCNTs, i.e., a high
aspect ratio, hence called L-MWCNTs. Briefly, the syringe-
dosed toluene solution of FeCp2 (2) vaporized in the preheater
(3), controllable by the external unit (4), was injected into the
stream of argon as the carrier gas (8) regulated by a mass flow

Figure 1. From L-MWCNT to ECG paintable textronics: (A) CVD
synthesis of L-MWCNTs: #1 CVD furnace, #2 syringe pump dosing
the feedstock, #3 preheater, #4 preheater controller, #5 mass flow
controller, #6 CVD furnace controlling unit, #7 oil gas-washing bottle,
and #8 carrier gas (Ar) cylinder; (B) SEM and (C) TEM images of L-
MWCNTs (insets�magnified areas of multiwalled patterns and iron-
based phases); (D) electroconductive paint applicable by a paintbrush
(inset�a magnified view showing the homogeneous texture of paint);
(E) photo of the optimized ECG T-shirt showing the geometry of the
insulated conductive coating with its schematic view (F).
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controller (5). The exhausts were led out to the fume
cupboard via an oil gas-washing bottle (7). The L-MWCNT
arrays scrapped with a dedicated rotating head were isolated in
the yield per carbon equal to 30%. As seen in SEM images
(Figure 1B), L-MWCNTs formed fibrous-like superstructures
of a high aspect ratio (ca. 15,000). The nanotube bases
(encircled with ellipses in Figure 1B) formed the light regions
of coalesced (i.e., growing from a “common root”) nanotubes.
This fact derives from the higher base (local) concentration of
the iron-based phases (α-Fe, γ-Fe, and Fe3C).42 TEM imaging
(Figure 1C) proved that the crystallinity of L-MWCNTs was
high, with only randomly dispersed intrusions of amorphous
carbon at the surface. This was further confirmed on closer
inspection of the magnified images (top inset), revealing
characteristic patterning of the multiwalled structure. TEM
imaging of the regions of the nanotube bases (a bottom inset)
also confirmed that L-MWCNTs contained encapsulated iron
phases in the form of the discontinuously filled core. Analysis
of the morphology ascertained that the L-MWCNTs were
grown via a “base-growth” mechanism, and the long quasi-1D
nanoparticles could serve as the electroactive component of the
functional coating. L-MWCNTs were also synthesized by Aly
et al. using chlorine mediated low-pressure CVD and acetylene
plus iron(II) chloride as the carbon source and catalyst,
respectively.43 Their MWCNT array, with an average height of
2 mm and MWCNT diameter of 29 nm, was grown for 20 min
at 760 °C. However, the authors did not characterize their
grown CNTs.44−46 Also, an improved MWCNT purification
technique exploiting chlorine led to a large decrease in the

amount of metallic impurities.47 It should be noted though that
when the metallic content decreased to the ppm level, the
chlorine concentration in the MWCNT product simulta-
neously increased to 3 wt %. The release of gaseous HCl upon
contact of Cl-containing MWCNTs with water disqualifies
such a material from any biomedical applications, apart from
the obvious dangers related to handling gaseous chlorine and
complications in manufacturing.

The electroconductive paint, applied using a standard
paintbrush (Figure 1D), was prepared by mixing L-MWCNTs,
water, SDS, and the acrylic base and subjecting the mixture to
ultrasonication, high-shear mixing, and blending. The protocol
was refined to achieve optimum viscosity and adhesivity of the
paint and the final electroconductive coatings embedded in the
insulating matrix (Figure 1E,F). The simplicity and availability
of our technique are important, especially if more advanced
techniques are inaccessible to manufacturers. Other methods
to form electrodes include dip- and spin-coating29 and screen
printing22,28 as well as molding electrodes to the desired
shape.31,32

We further characterized our as-grown 800-μm-long
MWCNTs (Figure 2) via SEM (Figure 2a−c) and EDX
analysis (Figure 2b). MWCNT carpets revealed structural
continuity across the entire length of the wavy bundles (Figure
2a,b) (Supporting Information, SI, Figure S1) and were
composed purely of carbon, adsorbed water, and encapsulated
iron-based nanoparticles undetectable via EDX (Figure 2b).

The as-grown MWCNTs were also analyzed using TGA and
Raman spectroscopy. TGA curves were recorded under argon

Figure 2. Analysis of the grown MWCNT carpets. SEM images revealing the key morphological features: length of the fibrous-like bundles (a),
wavy, aligned fibers (b), and the nanotube tips at the top layer (c); the inset in (b) corresponds to the EDX elemental analysis determined from
three points (marked with the viewfinder symbols) with standard deviation lower than 0.25 at %; (d) TGA curves recorded in argon and air; (e)
Raman spectrum.
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and air, revealing practically full thermal stability up to 800 and
ca. 600 °C, respectively. The postcombustion orange solid
residue was composed of ca. 5.0 wt % Fe2O3, which
corresponded to 3.5 wt % of total iron in the pristine
MWCNT product. The Raman spectrum of MWCNTs shows
features typical for graphitic nanomaterials with G-, D-, and
2D-peaks located at 1581, 1354, and 2848 cm−1, respectively.48

The G-band corresponds to the in-plane stretching of the C−C
bonds in the graphene walls. In turn, crystallographic defects in
the graphene lattice (Stone−Wales defects, vacancies, adatoms,
etc.) are responsible for the emergence of the D-peak, which is
a combination of the first order hexagon-breathing mode and
an elastic scattering of a photoexcited electron. The ID/IG,
therefore, constitutes a diagnostic value for determining
crystallinity in graphene-like materials. Here, the ID/IG ratio
of 0.28 can be attributed to a relatively low number of defects.
In turn, the 2D-band is attributable to breathing vibrations of
the six carbon atoms in the single unit of the super-conjugated
“benzene-like” lattice49 while its relatively high intensity could
be ascribed to the abundant incommensurate graphene walls
originating from the nanotube waviness.50 The 2D satellite
peaks at 2580 and 3103 cm−1 conform to the multiwall
structure in the relatively thick MWCNTs.48 Overall, the above
characteristics confirm that MWCNTs are wavy/curly at the
macroscale and dominantly crystalline in the nanoscale.

A careful analysis of the micromorphology and length
distribution of MWCNTs embedded into the acrylic paint base
before curing and during manufacturing revealed significant
changes (Figure S2). Curing itself changed neither the
morphology nor the length distribution. The mean length of
the cut MWCNT bundles calculated from optical micrographs
of 150 MWCNT bundles was 31 ± 21 μm (mean ± standard
deviation; median = 28 μm) with the minimal and maximal
lengths of 3 and 102 μm, respectively.

Rheological Properties of L-MWCNT-Based Paints.
From a rheological point-of-view, the paint was optimized by
targeting its yield stress in the range of 1−10 Pa. This range
was a trade-off between high shelf life stability, good leveling or
sag resistance, and easy distribution on the surface.51,52 The
results were obtained as a function of nanotube concentration,
as shown in Table 2. We decided that the optimum paint had
yield stress approximately in the middle of this interval, i.e.,
6.44 ± 0.10 Pa.

Detailed rheological studies of the selected paint (Figure 3)
at 25 °C revealed that the paint was a shear-thinning non-
Newtonian fluid and its viscosity decreased from 39.0 Pa·s at
0.28 s−1 to 0.75 Pa·s at 56 s−1 (Figure 3A). This behavior was
due to the breakdown of carbon agglomerates and the
alignment of nanoparticles along the flow direction, leading
to a reduction of internal friction in the fluid.53 Shear-thinning

was a very desirable and useful phenomenon, which ensured
that the paint was easy to mix, pump, and apply to surfaces
(high/medium shear rates → low viscosity). This also
indicated good stability during storage and drying (low shear
rates → high viscosity).51 At 25 °C, the paint exhibited
significant yield stress of 6.44 ± 0.10 Pa, which represents the
minimum stress necessary to initiate irreversible deformation/
flow. High yield stress can hinder the flow of coating under
gravity, giving better shelf life stability and sag resistance.51,52

Furthermore, the paint in the analyzed shear rate range and
temperature revealed slight, although noticeable, time-depend-
ent antithixotropic properties, as indicated by the hysteresis
loop (Figure 3B). At a constant shear rate, the longer the fluid
is deformed, the greater its shear stress and viscosity become
due to a reversible shear-induced build-up of network
structure.54,55

The rheological behavior of the selected paint strongly
depended on the manner of its distribution (Figure 3C). The
shear rate (γ̇) during the painting process can be expressed as

= v
h

where v is the speed of painting and h is the thickness of the
wet layer (Figure 3D). The increased thickness of paint (at
constant painting speed) resulted in a lower shear rate. This
led to a higher apparent viscosity because the paint was a
shear-thinning non-Newtonian fluid (Figure 3A). A higher
viscosity in turn effectively reduced the flow of paint.

High-Performance L-MWCNT-Based Electroconduc-
tive Coatings toward ECG: From Fitness to Medical
Quality Diagnostics. We optimized the geometries to ensure
uniformity of conductivity of the paintable electrical pathways,
simplification of technology, economy of the materials and
technology, higher medical diagnostic value of the received
signals, and complex variation in end-users. Thus, we tested the
performance of the coatings upon strain and washing (Figure
4) and designed four different 2D arrangements of pathway-
electrode coatings (Figure 5).

From a mechanical property point-of-view, the coated ECG
T-shirt fabric was fully flexible (Figure 4A). The decrease in
tensile strength after coating was related to higher rigidity as
the paint penetrated the fabric fibers (Figure 4D). Simulta-
neously, the fabric coating with low resistivity (60 Ω sq−1)
emerged as resistant to washing and strain, with ΔR/R0 not
exceeding 7% after five cycles of washing/drying (Figure 4B).
This level of resistance has not been reported yet and could
allow high-quality ECG recordings. Furthermore, ΔR/R0
showed a 125% increase upon 45% elongation (Figure 4C).
This amount of elongation far exceeds real-life strain that can
be encountered during ECG signal acquisition.

The initial geometric arrangement of the textronic
connections (Figure 5A, II) enabled the universal recording
of ECG signals regardless of the recorder system connected or
the physique of the person wearing the shirt (S, XS, and L
sizes, according to the International Men’s Clothing Sizes).
Moreover, we designed our demonstration version (Figure 5A,
IV) to allow personalization of chest size and was adapted to a
next-generation recorder that has two-channel ECG and
respiratory wave recording capacities. We developed textronic
connections with reduced lengths and designed a new
mechanical structure accommodating the recorder, ensuring
stable mounting of the recorder module and reproducibility of
recordings in real-world conditions. The external dimensions

Table 2. Yield Stress of Paint at 25 °C at Various MWCNT
Concentrations

MWCNT concentration (wt %) yield stress (Pa)

0.2 0.13 ± 0.03
0.5 0.37 ± 0.03
1 1.76 ± 0.20
2 6.44 ± 0.10a

3 b

aDetermined as the optimum. bHigh-viscosity “bucky gel”�results
outside the measuring range of the viscometer.
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of the signal recorder were reduced so that they do not exceed
half the size of a credit card. This enabled user-friendly
integration with textronic T-shirts and reduced overall
susceptibility to artifacts. Our approach is different from
other methods in which whole ECG monitoring systems were
composed of CNT-based electrodes, metal wiring,25,33 or
printed silver inks.30 Such approaches required additional
supporting materials or bandages.28,29 Moreover, the wires can
cause skin irritation and discomfort, particularly during long-
term ECG recording.56 Herein, the T-shirt we designed is a
unified system composed of both electrodes and insulated
transmission with no wires. The integration of the snap
fasteners enabled the transfer of signals to the recording device.
The ECG T-shirt was also as flexible as a sports T-shirt, and
the electrodes did not cause discomfort to the human skin.
Furthermore, we used versatile, scalable, and inexpensive
materials and reagents while achieving high electronic
performance and excellent operational stability.

We tested the capacity of the ECG T-shirt to monitor HR
starting at a fitness-level quality of diagnostics (Figure 5A, I).
In this case, it was necessary to design various arrangements of
the two electrodes and a commercially available device (Figure
5B). The positioning of the electrodes was inspired by the
commercially available Decathlon Kalenji jersey and a Polar
HR monitoring belt. The devices were intended to work
during cycling for a minimum of 4 h. To acquire the HR

signals derived from the L-MWCNT coatings, a heartbeat
Polar H10 belt and the Decathlon Coach application were
used with the Prym 4GB steel snaps as the electrical
connectors. As the original electrode snap connection was
hardly generating reproducible results, the connectors were
reinforced with knitwear pieces. During the first test (Figure
5C), the HR signal was collected while seated and breathing
normally. The signal was continuous and in the range of
normal HR in the individual wearing the T-shirt. The second
HR data (Figure 5D) were collected while seated and making
slow and deep breaths. It should be emphasized that, after
further optimization, such T-shirts could be optimized for
monitoring breathing cycles in patients with sleep apnea. The
next test (Figure 5E) was performed during more intense
physical activity. The person wearing the T-shirt was running
for 1 min and then standing still for 1 min, and two such cycles
were registered. During the second cycle, there was a fragment
of the HR curve with a flat course followed by a sudden
increase. This could be due to limited contact between the
electrode and the individual’s skin for a short period. Overall,
the T-shirt equipped with paintable coatings allowed HR
monitoring at both low and high intensities of physical activity.
Importantly, the same system allowed HR monitoring upon
taking a stroll outdoors (Figure 5F) and recording full ECG
traces (Figure 5G,H). The ECG signals for two channels and
six ECG leads were recorded with the certified BlueECG-210

Figure 3. Rheological behavior of the selected paint at 25 °C: (A) viscosity as a function of shear rate, (B) shear stress as a function of shear rate
with yield stress marked in red, (C) viscosity as a function of wet paint thickness and painting/brushing speed. (D) Schematic of the painting with
the indicated speed of the painting (v) and the thickness of the wet layer (h).
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ECG module. This is a component of the Cardiv system for
standard resting and stress ECG examinations. We evaluated a
demonstration version of the medical-grade T-shirt with the
optimized geometry, including resistance-compensated tracks
(Figure 5A, IV). Figure 5G,H shows the ECG recording of a
healthy 51-year-old male during the resting and exercise tests
(fast walking pace), respectively. In the resting ECG test
(Figure 5G), the ECG signal was standard with suitable
diagnostic quality, high amplitude (>1 mV), negligible noise,
and stable, averaged PQRST complex, i.e., the electrical signals
in a single cardiac cycle.24 For the stress test (Figure 5H), the
ECG signal was sufficient for analysis and calculation of HR
and the PQRST complex was undistorted. In both cases, the
recorded signals did not differ in quality from the classical
exercise test that uses Ag/AgCl gel electrodes.

Sustained >24-h-Long Holter-Type ECG T-Shirt.
Arrangement II (Figure 5, A) was the initial geometry selected
for long-term Holter ECG monitoring of a 42-year-old male
with diabetes. The experiment lasted 24 h and ECG signals
were continuously recorded during normal working day
activities (i.e., chemist working in a synthetic laboratory and
an office) and during sleep (Figure 6). Detailed recording
intervals can be found in the Supplementary Information
(Figures S3−S19).

The signals were collected and recorded on an EMTEL
bedside monitor and transmitted wirelessly via Bluetooth. In
addition to the ECG signal, the HR was displayed. The

electrodes did not require wetting before or throughout the
whole experiment. ECG recordings of diagnostic value were
available when the patient wore the T-shirt (Figure 6A). The
quality of the signal remained at this level until 12:21 PM,
when a disturbance in the complex PQRST waveform was
observed. This could have most likely resulted from more
intense body movements. Nevertheless, the curve immediately
returned to the medical level quality, allowing observation of
both HR and the PQRST waveform. Indeed, physical activity
from 09:20 AM to 12:20 PM was limited to working at a
computer. From 01:00 PM to 4:20 PM, the recording also
allowed monitoring of the HR and the PQRST waveform
(Figure 6B). It was a period of slightly more intense physical
activity, i.e., working in a standing position. The recording
continued smoothly and stably even after the patient fell asleep
(Figure 6C). Eventually, the ECG tracing returned to a pattern
similar to the recordings obtained at the beginning of the
previous day, with an increased level of physical activity upon
paperwork (Figure 6D).

We achieved technological optimization with the final
arrangements (III) and (IV) (Figure 5A), i.e., minimal material
costs and standardization of the electrode geometry. We
minimized the differences in electroconductivity, allowing
temporally stable ECG recordings (Figure 7).

A cardiac exercise stress test was performed on a healthy 51-
year-old male during which HR and ECG were monitored.
With the increase in training intensity after 3 min, HR

Figure 4. (A) Photograph of L-MWCNT-coated ECG textile demonstrating its flexibility at the coatings edge. Durability of the coating upon
subsequent cycles of (B) washing and drying (C) and strain�both shown as changes in the relative resistance of the coating. (D) Stress−strain
curves of the pristine and coated ECG T-shirt textile.
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increased to 122 min−1 from a baseline HR of 115 min−1.
These results show the diagnostic quality of the recorded
electrocardiogram during the stress test. The noise level was
found to be independent of the intensity of physical activity.
Temporary fluctuations of the basic ECG signal (Figure 7A)
did not affect the diagnostic value and the correct

interpretation of the signal characteristics. The calculated
averaged PQRST complexes were stable, unambiguous, and
undisturbed at all times, further confirming the high diagnostic
value of the recorded ECG signals. Furthermore, as the HR
increased, the stability of the ECG signal improved, which was
likely due to enhanced skin contact of the T-shirt dry

Figure 5. (A) T-shirts coated with different geometries of the insulated electroconductive paths of paintable wiring enclosed in polymer sheaths:
(I) fitness system compatible with a commercially available heart monitoring gadget (Decathlon), (II) first long-term Holter-type monitoring
system compatible with a commercially available ECG monitoring system (Emtel),(III) preoptimized system enabling long-term Holter-like
monitoring in the person wearing the T-shirt and monitoring of ECG signals generated artificially, (IV) final demonstration version of the medical-
grade T-shirt for males with the optimized geometry including equalized resistance of pathways. (B) Photograph of the HR measuring device
clipped onto the snaps in the T-shirt; insets show the T-shirt bottom (the first snap implemented and the second snap to be implemented) and top
(two snaps yet to be implemented) with the outlets connected to the measuring device. (C−F) HR of a healthy, 22-year-old male participant recorded
using the final demonstration version IV during: (C) normal breathing while seated; (D) slow, deep breathing while seated; (E) interval running;
(F) walking outdoors; (G) a sample of two-channel ECG registration during calm activity in a 22-year-old male participant (showing the PQRST
complex), HR = 75; and (H) a sample of two-channel ECG registration of a 51-year-old male participant while walking, HR = 96.
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electrodes (Figure 7B). Concerning the safety of this
technology, no skin allergic reactions were observed in all
four participants during HR monitoring and >24-h-long ECG
recording. This corresponds well with previous reports that
found negligible toxicity of CNTs to human skin. For instance,
Huczko and Lange performed clinical studies that determined
whether CNTs induce allergic reactions and skin irritation. In
their sample of 40 volunteers, there were no reports of
irritation and allergic reaction after 96 h.57 Other studies
showed that MWCNTs were nonirritating to the skin in vivo
and nonirritating to the eye and skin rabbit cells in the in vitro
studies.58 Additionally, Kumar et al. performed a simple leach
test on their acrylic-based CNT electrodes for ECG
monitoring. Their study revealed that the amount of CNTs

transferrable to a wearer’s skin was negligible.59 Indeed, the
quantities tested in these safety studies are insignificant
compared to quantities used in studies evaluating the
cytotoxicity of CNTs.60

Detailed parameter variations during the preparation of the
functional T-shirt can be found in the Supplementary
Information (Figures S20 and S21). Detailed information
comparing the ECG T-shirts to the conventional Ag/AgCl
electrodes (Figure S32), including their stepwise manufactur-
ing at all stages, is included in Figures S22−S31 and S33−S50.

■ CONCLUSIONS
We have developed a convenient textronic system that enables
prolonged (>24 h) Holter-type ECG recordings. The all-in-
one system (electrodes, transmission, and insulation) was
easily achievable by applying L-MWCNT-based paint on a T-
shirt base. The system represents a versatile tool in remote
medicine that can be easily utilized for applications such as
monitoring and intervention for soldiers, firefighters, and other
professionals in which remote tracking of health is critical. The
system can also be easily adapted for automated alert systems
upon remote ECG signal processing in rehabilitation super-
vision. The list of possible applications remains open, with this
technology possibly finding translational use in flexible radar
absorbing materials or electromagnetic interference shielding.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.2c03904.

SEM images of L-MWCNTs, optical micrographs of
MWCNTs embedded in the paint, detailed Holter-type
data (i.e., ECG and HR recordings), and documentation
of the T-shirt textronics (PDF)

Figure 6. ECG signals sectioned and recorded at different periods of
day and night of a 42-year-old male patient with diabetes: (A) 09:26
AM; (B) 2:22 PM; (C) 02:23 AM; (D) 10:23 AM; A*−D*�the
corresponding magnified areas of ECG signals displaying the well-
defined PQRST complexes.

Figure 7. Six-lead ECG signals from the optimized version of the medical grade T-shirt using arrangement IV (from Figure 5), which was recorded
during the stress test: (A) initial ECG tracing; (B) ECG tracing after 3 min of walking.
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