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ABSTRACT: E-textiles, also known as electronic textiles, seamlessly merge wearable technology with
fabrics, offering comfort and unobtrusiveness and establishing a crucial role in health monitoring
systems. In this field, the integration of custom sensor designs with conductive polymers into various
fabric types, especially in large areas, has presented significant challenges. Here, we present an
innovative additive patterning method that utilizes a dual-regime spray system, eliminating the need for
masks and allowing for the programmable inscription of sensor arrays onto consumer textiles. Unlike
traditional spray techniques, this approach enables in situ, on-the-fly polymerization of conductive
polymers, enabling intricate designs with submillimeter resolution across fabric areas spanning several
meters. Moreover, it addresses the nozzle clogging issues commonly encountered in such applications.
The resulting e-textiles preserve essential fabric characteristics such as breathability, wearability, and washability while
delivering exceptional sensing performance. A comprehensive investigation, combining experimental, computational, and
theoretical approaches, was conducted to examine the critical factors influencing the operation of the dual-regime spraying
system and its role in e-textile fabrication. These findings provide a flexible solution for producing e-textiles on consumer
fabric items and hold significant implications for a diverse range of wearable sensing applications.
KEYWORDS: conductive polymers, e-textiles, wearable technology, additive patterning method, dual-regime spray system, sensor arrays,
wearable sensing applications

INTRODUCTION
E-textiles, a form of wearable technology that combines textiles
with sensory capabilities, enable real-time and mobile
monitoring of critical health signals, making them useful for
various applications such as healthcare, military equipment,
and wearable devices.1−4 A range of traditional techniques for
overcoating conductive materials, such as dip-coating, electro-
chemical deposition, chemical vapor deposition (CVD),
physical vapor deposition (PVD), and direct printing, have
been developed to produce e-textiles.5−7 However, these
techniques face challenges in creating intricate or personalized
sensor designs for different fabric types due to the require-
ments of using heat, vacuum, precursors, plasma system, or
vaporization process.8,9 Additive patterning techniques, such as
screen printing, inkjet printing, and three-dimensional (3D)
dispensing, have been used to create custom sensor designs by
employing either a shadow mask or direct writing.10−14

However, these techniques may encounter challenges with
clogging and high-throughput printing, particularly when
covering large areas with active nanomaterials or mole-
cules.15,16

A range of conductive materials, such as nanoparticles,
nanowires, nanotubes, graphite, polymers, or composites, have

been used to create e-textiles.17−21 Among others, conductive
polymers, such as polypyrrole (PPy), are of particular interest
due to their desirable features for use in e-textiles, including
mechanical softness, high electrical conductivity, ease of
synthesis, compatibility with human skin, and stability against
corrosion and oxidation.22−24 However, achieving a uniform
coating of conductive polymers onto different fabric types with
high accuracy presents a challenge due to the nature of the wet
polymerization process, which can lead to issues such as
aggregation.25 Reactive inkjet printing has emerged as a potent
technique.26−28 While this method enables in situ polymer-
ization on substrates, it still faces constraints in scalable
patterning due to the lack of efficient and rapid chemical
mixing mechanisms. A recent advancement to address this
issue is the in situ aerosol mixing using flow, which allows for
compositional mixing of materials with high-throughput
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printing.29 Despite its great potential, in situ polymerization
using flow presents challenges due to ongoing changes in
viscosity during polymerization, which can disrupt flows. As a

result, an advanced spray platform technology that facilitates
high-throughput chemical mixing and high-speed spray
printing simultaneously becomes essential.

Figure 1. DRSS process. (a) Schematic illustration of the DRSS process to produce e-textiles. (b) Photograph of a large scale of PPy spray
patterning onto white cotton fabric. (c) Photographs showing a serpentine pattern of PPy sprayed on different fabric types. (d) Photograph
showing programmable umbrella-patterned PPy on cotton fabric with submillimeter resolution. (e) SEM images comparing the surface of
PPy overcoated fabric produced by the DRSS and traditional airbrush.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c07283
ACS Nano 2023, 17, 22733−22743

22734

https://pubs.acs.org/doi/10.1021/acsnano.3c07283?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07283?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07283?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07283?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c07283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Here, we present an additive patterning approach using a
dual-regime spray system (DRSS), enabling precise, program-
mable, and mask-free inscription of sensor arrays onto
consumer fabric items. The DRSS, unlike existing spraying
techniques, provides advantages enabling in situ, on-the-fly
polymerization of conductive polymers, such as PPy, while
spraying intricate or personalized designs with submillimeter
resolution over meter-scale areas on various fabric types. The
use of DRSS minimizes the risk of nozzle clogging and polymer
agglomeration, which are common issues resulting from
overreaction of polymers in conventional dispensing techni-
ques. Moreover, the kinetics of the spray polymerization can be
readily controlled to tune the electrical conductivity of the
conductive polymers. Proof-of-concept demonstrations include
directly spraying conductive polymers into custom designs of
stretchable strain gauges, with a gauge factor (GF) of over 85,
onto various garments, such as masks, gloves, and stockinettes.
These e-textiles are capable of continuously and unobtrusively
tracking a range of human body movements from subtle (e.g.,
breathing) to large (e.g., joint bending) movements while
minimally affecting the inherent fabric properties such as
wearability, breathability, and washability.

RESULTS AND DISCUSSION
DRSS Process. Figure 1a schematically illustrates the DRSS

process for in situ, on-the-fly spray polymerization of
conductive polymers to produce e-textiles onto fabric items.
The DRSS integrates two different air flow modules: (1) low-

speed air flow that facilitates the atomization of chemicals and
(2) high-speed focusing air flow that passes through the
deposition nozzle mounted on a three-axis computer numerical
control (CNC) gantry (Figure S1a).30 The DRSS process
began by atomizing fine droplets with two pneumatic
atomizers made of glass (ArOmis, Inc., U.S.A.). One atomizer
was filled with pyrrole (Py, monomer) dissolved in methanol,
and the other was loaded with iron(III) chloride (FeCl3,
oxidizer) solution in a 1:7 ratio of water−methanol mixture by
volume. Droplets of atomized chemicals were fed into a mixing
chamber using low-speed airflow (<10 m s−1) where PPy
nanoparticles were synthesized by oxidative polymerization.30

When Py and FeCl3 met in the DRSS chamber, the
polymerization process was initiated. This was further
accelerated by the central airflow and finally completed upon
spraying onto fabric surfaces. Figure S1b shows a serpentine
line of PPy that was sprayed onto a white cotton fabric through
the DRSS process. The black color indicates the complete
polymerization of PPy, which was confirmed through UV−vis
spectroscopy using a Cary-50 Varian instrument (Figure S1c).
The highest speed of spraying PPy was about 50 cm min−1

(Video S1).
The DRSS offers several key advantages over the existing

spraying techniques. First, the DRSS process was scalable over
a meter scale with reasonable reproducibility (Figure 1b).
Second, it requires no precursor coating, vacuum chamber, or
heat treatment, making it compatible with a wide range of
natural and synthetic fabric types (Figure 1c). Third, it can

Figure 2. Optimal spray conditions. (a) Schematic illustration of the governing operational parameters in the DRSS process. (b) Atomization
flow rate of Py and FeCl3 over a range of PA. (c) Mass load of PPy sprayed onto fabric as a function of PA and VN. (d) RPPy as a function of NP
and VN. (e) Color map of RPPy as a function of PA(Py) and PA(FeCl3). (f) CFD results showing the streamlines of the carrier gas flow at PA =
40 and 120 kPa, respectively.
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produce intricate designs, such as an umbrella shape, with
submillimeter resolution without needing a shadow mask
(Figure 1d). The resolution is determined by four key
operational conditions: atomization pressure, nozzle transverse
speed, central air velocity, and spray distance to fabric.30 While
using a shadow mask offers an alternative for achieving high
resolution, it necessitates constant fabrication with each
pattern change. The DRSS, through computer programmable
patterning, ensures consistent coating quality on textiles by
facilitating high mass loading and deep penetration coating
through the fabric thickness. Moreover, it induces a minimal
risk of contamination and clogging inside the DRSS chamber
and nozzle after prolonged use (Figure S2a). This is due to its
working principle that involves two atomizers which mix
reactive chemicals within a chamber. The chemicals are swiftly
propelled to the spray nozzle through air flow, ensuring that
the chamber and nozzle remain uncontaminated. In contrast,
when using a conventional airbrush (G22, Master Airbrush),
irreparable contamination of the spray reservoir and clogging
of the nozzle were observed after 90 min of use (Figure S2a).
For a more detailed investigation, a nozzle was prepared using
resin (Clear Resin, Formlabs) and utilized for an extended
period of time (>90 min). It turned slightly blackish after 90
min of usage, but no signs of clogging were observed (Figure
S2b). Lastly, it provides uniform and uninterrupted coating of
PPy over the entire surface of fabric yarns, without
agglomeration, in comparison to those using a conventional
airbrush (Figure 1e). Additional scanning electron microscope
(SEM) images, as presented in Figure S2c, not only
corroborate consistent results but also substantiate the absence
of any corrosion or alterations in the morphology of the fabric
surface. The FT-IR analysis in Figure S2d, using the Thermo
Nicolet Nexus 470 instrument, confirms that the PPy
synthesized through DRSS has a similar quality to that of
PPy synthesized through conventional dip-coating meth-
ods.31,32 Furthermore, our approach for in situ spray
polymerization is versatile and can be adaptable to other
conductive polymers. For instance, polyaniline (PANI), known
for its high conductivity, environmental stability, and
biocompatibility, was successfully polymerized and directly
written onto cotton fabric using DRSS (Figure S3a).33 The
synthesis was confirmed through FT-IR analysis (Figure S3b).
Optimal Spray Conditions. Identifying the optimal spray

conditions for the DRSS process is crucial for successful in situ,
on-the-fly polymerization of PPy. Figure 2a provides a
schematic representation of the key operational parameters
that govern the DRSS process including the number of spray
passes (NP), nozzle transverse velocity (VN), atomization
pressure (PA), and carrier gas flow in the mixing chamber.
Figure 2b shows the atomization flow rates of Py and FeCl3
over a range of PA values between 40 and 120 kPa. As PA
increased, the atomization flow rate also increased and reached
its maximum value (approximately 16 μL s−1 for Py and 10 μL
s−1 for FeCl3) at PA = 120 kPa. This indicates that a higher
amount of reactive chemical agents was carried into the mixing
chamber with increased PA. The higher atomization flow rate
observed in Py as compared to FeCl3 can be primarily
attributed to the substantially lower viscosity of Py (6.22 ×
10−4 Pa s) relative to FeCl3 (2.25 × 10−3 Pa s) (Figure S4a).
The increased PA led to a greater quantity of atomized Py and
FeCl3, as well as improved mixing inside the chamber. These
factors led to accelerated polymerization and reduced
resistance. Figure 2c presents the impact of PA (60−120

kPa) and VN (10−50 cm min−1) on the mass loading of PPy
sprayed onto a cotton fabric. The mass loading of PPy
exhibited an increase with increasing PA, reaching a maximum
value of approximately 87 mg cm−1 at PA = 120 kPa and VN =
10 cm min−1. At this point, the corresponding RPPy was
measured as 1.6 kΩ at NP = 10 passes (Figure S4b).
Conversely, when sprayed using a conventional airbrush, the
resistance of PPy (RPPy) remained considerably higher even at
NP = 20 passes due to widespread dispersion and a low mass
load of PPy.

Figure 2d illustrates the effect of NP and VN on RPPy over a
range of NP = 1−20 passes and VN = 10−50 cm min−1. The
test specimen, which was sprayed in a straight line onto a
cotton fabric, measured 3 × 50 mm2 in size. The RPPy tended
to decrease as NP increased or as VN decreased. Figure 2e
displays a color map of the resistance distribution across a
range of PA (40−120 kPa) for both Py and FeCl3,
demonstrating that the increased PA resulted in a decrease in
RPPy. This color map also indicates that, by adjusting the PA
during the DRSS process, the RPPy can be varied between 1.6−
89.3 kΩ. To demonstrate this feature, four resistive heaters
were sprayed onto a cotton fabric with the same width (6 mm)
and serpentine shape but varying PA = 90−120 kPa (Figure
S5a). This resulted in a range of RPPy from 0.8 to 3.3 kΩ, or a
range of heat generation levels from 36 to 55 °C at an applied
voltage of 30 V (Figure S5b). To further validate the
reproducibility and uniformity of this method, a total of 10
identical serpentine patterns were crafted (Figure S6a). These
patterns demonstrated consistent resistance (RPPy = 5.05 ±
0.17 kΩ), highlighting minimal variations and emphasizing the
method’s dependable polymerization and patterning capabil-
ities (Figure S6b).

Figure 2f displays the snapshot images of computational
fluid dynamics (CFD) results, depicting the streamlines of the
carrier gas flow at PA = 40 and 120 kPa. The CFD domains and
local grids of the mixing chamber and nozzle are shown in
Figure S7a. As PA increased, the carrier gas flow inside the
mixing chamber became more uniform, resulting in improved
mixing and polymerization of PPy. These CFD results were
consistent with experimental data, indicating that PPy was fully
polymerized at PA = 120 kPa, resulting in a black color,
whereas incomplete polymerization was observed as a yellow
color at PA = 40 kPa (Video S2). The PA for both Py and FeCl3
was balanced to prevent nonuniform carrier gas flow in the
mixing chamber (Figure S7b). The concentration ratio of Py to
FeCl3 was maintained at 4:1 to provide the lowest RPPy (54.3 ±
5.1 kΩ) (Figure S8a).34 Methanol (MeOH) was used as a
mixing solvent for both Py and FeCl3, resulting in nearly 4-fold
lower RPPy compared to those obtained when using water
(H2O) and other polar solvents such as ethanol (EtOH)
(Figure S8b). This can be attributed to the interaction between
Py and MeOH, including their high miscibility, lower boiling
point of Py, faster evaporation rate, and polarity, as well as the
ability of MeOH to reduce the Coulomb interaction during
polymerization.35,36 Taken together, the optimal conditions to
achieve highly uniform and conductive PPy were determined
to be PA = 120 kPa, NP = 10 passes, and VN = 10 cm min−1,
using a MeOH mixing solution with a Py/FeCl3 concentration
ratio of 4:1.
Benchtop Characterizations. For benchtop character-

izations, test units of strain gauges were prepared by uniformly
spraying PPy over the entire surface of a stretch cotton fabric
(Tia Knight) in a size of 1 × 5 cm2 using the optical DRSS
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process. For improved durability, the test units were
encapsulated with a silicone sealer (Ecoflex 00-30 diluted in
Silicone Thinner; Smooth-On, Inc.) using a fine brush
(Amazon). Figure 3a presents the mechanical strain−stress
curves of the test units with (E = 3.8 MPa) and without (E =
2.2 MPa) the sealer, which are slightly higher or comparable to
that of the bare cotton fabric (E = 2.1 MPa). Figure 3b
provides an SEM image of a test unit without the sealer under
stretching at the applied strain (ε) of 40% and a simplified
illustration that shows how the stretching caused a disruption

in the electrical pathways, resulting in an increase in RPPy. As
strain is applied, the knitted structure opens, leading to an
increase in resistance. Figure S9a presents detailed serial SEM
images taken during the application of strain to support this
hypothesis. Figure 3c illustrates the variation in resistance
(ΔR/R0) of the test units patterned differently in terms of
direction and shape, including straight lines in the wale,
diagonal, and course directions as well as serpentine lines in
the wale direction. The test units were stretched in the wale
direction up to 50%, which represents the maximum intrinsic

Figure 3. Benchtop characterizations. (a) Representative strain−stress curve of the test units with and without the presence of the sealer
compared to a bare cotton fabric. (b) SEM image showing the test units without the sealer under stretching, along with a simplified
schematic illustration of the strain response mechanism. (c) ΔR/R0 of the test units patterned in different shapes and directions under
stretching up to 50% in the wale direction. (d) FEA results of the uniaxially stretched yarns. (e) ΔR/R0 of the test units under various strain
loading conditions. (f) ΔR/R0 of the test units under 1,000 cycles of stretching at ε = 30%. (g) Strain response and recovery times of the test
units. (h) ΔR/R0 of the test units under multiple laundry cycles with and without the presence of the sealer.
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stretch limit of the cotton fabric. The ΔR/R0 of the straight
line in the wale direction exhibited a sharp increase at ε up to
5%, followed by a gradual increase at larger ε exceeding 50%,
which resulted in gauge factors (GFs) of 85.15 and 4.17,
respectively. Notably, our GF value is higher than that of strain
gauges made of PPy in previous reports, as depicted in Figure
S9b.37−42 The traditional PPy-overcoated textile-based strain
sensors are fabricated by dip-coating.37−42 While the dip-
coating method often results in overpolymerization and
undesired aggregation, the DRSS approach provides seamless
PPy overcoating on textile surface as depicted in Figure 1e and
Figure S2c. We found clear empirical basis that this high-
quality overcoating realized higher strain gauge factors since
the seamless coating minimizes extra electronic connections
between textile threads during stretching, as observed in Figure
3b. Meanwhile, the ΔR/R0 values for the straight lines in the
diagonal and course directions showed weaker responses to
strain, with a trend of wale > diagonal > course. Interestingly, a
negative ΔR/R0 response was observed for the straight line in
the course direction, attributed to the Poisson effect.43 The
ΔR/R0 response of the serpentine line was relatively
imperceptible compared to that of the straight lines, likely

due to its combination of orientations along the wale, diagonal,
and course directions.44,45

Figure 3d presents the results of finite element analysis
(FEA) that display the strain distribution across the uniaxially
stretched yarns, which were coated with PPy to serve as
electrical pathways, in the wale direction. The corresponding
FEA results when the structure is stretched up to 50% strain
are shown in Video S3. Due to the free sliding of the yarns, the
yarns exhibited a smaller level of deformation than the applied
strain. However, when the yarns were stretched in the wale
direction, they extended freely without restriction, resulting in
a larger deformation level (red arrow) than in other regions,
except at the interfaces. The maximum strain was localized to a
small region around the interfaces, where two yarns cross each
other. In contrast, smaller strains were distributed along the
course direction (white arrow) due to constraints imposed by
entanglement. As the overall structure extended, the spaces
between the yarns in the wale direction became more tightly
packed, leading to additional contacts between the yarns and
increased electrical pathways in the course direction. As a
result, the ΔR/R0 of the test units increased dramatically when
stretched in the wale direction due to the large concentration
of strain caused by free extension, while minimal changes were

Figure 4. Proof-of-concept demonstration in wearable sensing applications. (a−d) Representative photographs of a test units in (a) a facial
mask, (b) a cotton glove, (c) a compression sleeve, and (d) a muscle pressure knee pad. (e) Representative measurement data of respiration
rate using the facial mask. (f) Representative measurement data of finger motion detection using the cotton glove. (g) Representative
measurement data of wrist motion detection using the compression sleeve. (h) Representative measurement data of knee joint motion
detection using the muscle pressure knee pad. (i−l) Time-series frequency spectral data set of (i) respiration rate, (j) finger motion
detection, (k) wrist motion detection, and (l) knee joint movement.
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observed when stretched in the course direction. When
stretched in the diagonal direction, the test units displayed
intermediate characteristics between those of the wale and
course directions, resulting from the combined electrical
pathways alternating both. These results suggest an effective
design strategy for strain sensing, involving the placement of
highly strain-responsive straight lines in the target location of
the sensing area and the use of strain-insensitive serpentine
lines as interconnectors (Figure S9c). These design strategies
have often been utilized for various types of stretchable
sensors.46−50 The corresponding data for strain sensing,
utilizing these designs across multiple stretching cycles ranging
from 2% to 50% strain, are shown in Figure 3e. These results
remained consistent over 1,000 cycles of stretching at ε = 30%
(Figure 3f). To evaluate mechanical durability and reliability,
additional deformations (folding and twisting at 360°) were
conducted. In contrast to the strain response, negligible
resistance changes were observed over 1,000 cycles of folding
and twisting (Figure S10). The response and recovery times of
the test units were measured as 600 and 350 ms at ε = 30%,
respectively (Figure 3g). The recovery time was faster than the
strain response time. This difference in response times can be
attributed to the PPy-overcoated textiles resisting applied
strain, with elastic recovery aiding during the recovery phase,
as observed in previously reported PPy-overcoated textiles.51,52

Figure 3h presents that the ΔR/R0 of the test units was
maintained over 30 cycles of washing with a standard laundry
machine (ETW4100SQ0; Whirlpool). In the absence of the
sealer, ΔR/R0 abruptly increased due to washout of PPy. Each
laundry cycle consisted of three steps: (1) 10 min spinning in
warm water at 30 °C with a fabric detergent (1 mg mL−1,
Jacquard synthrapol); (2) 5 min rinsing in cold water; and (3)
2 min spin-drying at room temperature. After being machine-
washed, the test units were completely dried at ambient
conditions (25 °C). Various drying temperatures, ranging from
ambient to high (80 °C), were investigated to simulate
different conditions, with the ΔR/R0 of the test units being
exhibited as preserved, showing <1.3% variation (Figure S11a).
The ΔR/R0 values of the test units remained unchanged even
after immersion in a saline solution (Bausch + Lomb) for over
10 days. This solution, designed to mimic sweat, contained
sodium (0.9 g L−1) and potassium (0.2 g L−1) at pH 7.0
(Figure S11b). In contrast, in the absence of the sealer, the
ΔR/R0 increased and saturated at 150% after just 2 days of
soaking due to the dedoping or migration of counterions, such
as Cl−, from the PPy into the saline.53 Furthermore, the
breathability of the test units, as indicated by the water vapor
permeability, was maintained similar to that of the bare cotton
fabric, given that the areal fill factor of the sealer was less than
40−50% (Figure S11c). These results suggest that adding a
PPy overcoat with the sealer has minimal impact on the
intrinsic fabric properties, while effectively protecting its
electrical properties from environmental factors such as
machine wash, detergent, and sweat.
Proof-of-Concept Demonstrations in Wearable Sens-

ing Applications. Continuous and unobtrusive monitoring of
strains, ranging from minor (<5%) to substantial (10−40%), in
various body motions is of particular interest not only for
understanding the mechanics of human movements, joint
responses, and fatigue but also for aiding in the prevention and
recovery of musculoskeletal injuries and disorders.54,55 To
showcase examples, several prototypes of strain gauges were
prepared by spraying PPy across a range of consumer fabrics,

including a facial mask (nonwoven 3-ply mask, Pure GEM),
glove (white cotton gloves, Coohorn), compression sleeve
(Wrist stockinette, Velpeau), and muscle pressure knee pad
(Cotton stockinette roll, SoulGenie), for continuous monitor-
ing of respiration rate, finger curl, wrist rotation, and knee
flexion, respectively (Figure 4a−d). Complex designs of strain
sensor arrays were effectively fabricated on various types of
commercial garments using this method, and different body
movements on the skin were successfully monitored by the
sensors (Figure 4e−h). Real-time streams of these measure-
ments are shown in Video S4. The ergonomic designs of the
consumer fabrics ensured that the prototypes fit tightly to the
different body parts and followed body motions accurately,
resulting in high fidelity recordings of strains with large signal-
to-noise ratios (>28.6 dB). To elaborate on human body
movement through strain sensor measurement, time−fre-
quency analysis and spectral data were implemented. The
spectral data demonstrated that small body movements, such
as respiration and small joint movement (finger), exhibited
various frequency components (0−5 Hz) with low signal
amplitudes (Figure 4i, j). In contrast, substantial body motions,
like wrist and knee movement, were characterized by dominant
low-frequency signal components (<1.5 Hz) with strong signal
amplitude (Figure 4k, l). Importantly, no sign of skin irritation
was observed during these demonstrations (Figure S12).
Details of the skin irritation testing are described in the
Methods section.

CONCLUSIONS
This research underscores the promising capacity of an
innovative additive patterning method in transforming tradi-
tional clothing into personalized e-textiles while minimally
affecting their intrinsic characteristics. We use a programmable
DRSS to perform in situ, on-the-fly polymerization of
conductive polymers, such as PPy, allowing direct spray
writing of bespoke designs�from basic to complex patterns�
for strain gauges. Our technique stands out for its high
resolution (up to 0.9 mm line width), sensitivity (GF = 85.15),
scalability (over 1 meter), and low electrical resistance (less
than 1.6 kΩ). It also guarantees a seamless coating of
conductive polymers and prevents nozzle blockage. The evenly
distributed conductive polymers across the yarns allow the e-
textiles to maintain their mechanical flexibility, breathability,
and wearability. When used on stretchable clothing, these e-
textiles ensure a comfortable fit, enabling precise strain
monitoring across a wide spectrum from subtle to substantial
body movements. Exploring beyond the foundational
applications, e-textiles hold immense potential in consumer
markets, such as interactive fashion, safety gear, and entertain-
ment, offering opportunities for real-time environmental and
biometric monitoring, dynamic user interaction, and immersive
experiences. These emerging applications signify a convergence
of technology and daily life, underscoring the need for
continued exploration and innovation in this burgeoning
field. Considering the inherent challenges and inefficiencies in
chemical mixing associated with inkjet printing-based reac-
tions, our DRSS method, which generates numerous micro-
reactive droplets simultaneously, stands out as a compelling
and predominant solution for achieving high-throughput
chemical mixing and high-resolution spray printing. Ultimately,
our approach enables the creation and development of
personalized e-textiles, bringing together custom functionality
and stylish designs.
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METHODS
In Situ, On-the-Fly Spray Polymerization of PPy. Two

pneumatic glass atomizers (ArOmis Inc.) were used to prepare a
solution of 2 M pyrrole (Py; Sigma-Aldrich) in methanol and a
solution of 500 mM iron(III) chloride hexahydrate (FeCl3·6H2O;
Sigma-Aldrich) in a 1:7 (v/v) mixture of water and methanol. Oxygen
plasma-treated stretchable cotton fabric (Etsy) was placed on a three-
axis CNC gantry, with a 2 mm spray distance. Each atomization
pressure was adjusted from 40 to 120 kPa. To mitigate the potential
issue of the monomer (Py) reacting or changing its properties during
atomization, it was crucial to utilize these glass atomizers and ensure
that each atomization pressure was adjusted and maintained above 40
kPa, which facilitated optimal aerosol mixing and efficient polymer-
ization. The spray nozzle automatically drew the programmed
patterns, while a high-speed central air flow was maintained at a
velocity of 100 m s−1 during spraying. The resulting black PPy-
overcoated fabric was rinsed with water and dried at room
temperature.
Evaluation of Atomization Power and Stable Droplet

Formation. The atomization power was evaluated by calculating
the Ohnesorge numbers (Oh) of Py and FeCl3. The Oh number is
expressed by the following equation:

=Oh L/ (1)

where μ is for viscosity, ρ is for density, σ is for surface tension, and L
is for droplet diameter, respectively. σ = 22.50 mN m−1 and L = 2 μm
were assumed to be the same in both Py and FeCl3. The densities of
the Py and FeCl3 solutions were measured as 0.8103 and 0.8954 g
cm−3, respectively. The Oh value is known to be inversely related to
the driving atomization power. In this study, the Oh numbers of Py
and FeCl3 were calculated to be 0.103 and 0.355, respectively. Using
the Oh numbers, the figure of merit (Z = Oh−1, 2 < Z < 24) for
minimizing satellite droplets can be evaluated.56 Our system fits
within the appropriate Z range with ZPy ≈ 9.7 and ZFeCld3

≈ 2.8 for
satellite droplet formation.
Computational Fluid Dynamics Modeling. The flow domain

of the DRSS was discretized using 4,138,825 hexahedral elements.
Mass flow rate boundary conditions were applied to both the
atomized droplet air flow (6.5 × 10−5 kg s−1) and central air flow (2.2
× 10−5 kg s−1). An adiabatic wall with a no-slip boundary condition
was used on the entire side surface of the system. At the nozzle exit,
the pressure outlet boundary condition was set to atmospheric
pressure (1 bar). To model the cyclone effects in the mixing chamber,
the standard k−ε turbulence model was used with turbulent intensity
and viscosity ratio set at 5% and 10%, respectively. The governing
equations for a steady compressible flow were solved by using Ansys-
Fluent Version 19.1 software.

Continuity equation:

· =u( ) 0 (2)

Momentum equation:

· = + ·uu p u( ) ( ) (3)

Turbulent kinetic energy (TKE) equation:
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Rate of dissipation equation:
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where, μ and ρ are the viscosity (Pa s) and density (kg m−3) of air,
respectively, ν (m s−1) is the velocity, g is the gravitational constant,
Sij is the fluid strain rate sensor, and the turbulence model constants
are Cε1 = 1.44, Cε2 = 1.92, Cμ = 0.09, and σε = 1.3, respectively. The
contours of the air velocity inside and outside of the nozzle with
central air flow were obtained from numerical simulations.

Benchtop Characteristics. Chemical analysis was carried out
using ultraviolet−visible spectroscopy (UV−vis; Cary-50) and
Fourier-transform infrared spectroscopy (FT-IR; Thermo Nicolet
Nexus 470). Microstructures were observed by using a field emission
scanning electron microscope (FE-SEM; Hitachi). Mechanical testing
was performed by using a motorized force measurement tester
(ESM303, Mark-10; Willrich Precision Instruments), while electrical
properties were simultaneously monitored by using a source
measurement unit (Keithley 2400; Tektronix, Inc.).
Wearable Sensing Demonstrations in Human Subjects. The

wearable sensing demonstrations involved two healthy adult males
(aged 30−35 years) and were conducted in compliance with an
Institutional Review Board (IRB) approval (protocol number:
HYUIRB-202212-009-2). After volunteers wore our prototype e-
textiles embedded with strain gauges, their motion was recorded in
real time by using a custom-built LabView code (National
Instruments) and a source measurement unit (Keithley 2400;
Tektronix, Inc.). The data were captured at a sampling rate of 40 Hz.
Skin Irritation Testing. This method involves detecting the

increasing concentration of hemoglobin on the surface of the skin
when inflammation occurs, in order to quantify the inflammation
caused by irritants.57 Line-scan hyperspectral imaging technology was
employed as demonstrated in previous research.58 Hyperspectral
images (hypercubes) of human skin were obtained using a
monochrome camera (GS3-U3-120S6M-C; FLIR), with a slit width
of 23 μm and a groove density of 150 mm−1. An LED light source
with a color temperature of 6,500 K (D65) was used for illumination,
and spectral calibration of the spectrograph was performed using a
xenon calibration light source that emitted multiple narrow peaks at
specific wavelengths. The skin was imaged by using a fixed focal
length lens (MVL25M1; Navitar) with a field of view as small as 10 ×
10 mm2. The same area was also imaged using a smartphone camera
(iPhone 11 Pro; Apple) to capture RGB images. The samples,
including bare cotton fabric and PPy-overcoated fabric with/without
the sealer, were applied onto the medial antebrachial cutaneous of the
forearm for approximately 1 h. 3 M tapes were attached to the same
area for 1 h as a positive control. Hemoglobin content was compared
before and after the experiment by acquiring images and performing a
mechanical linear scan step at 0.25 mm. Data were acquired using a
custom MATLAB interface, and a tissue reflectance spectral model
was used to extract key hemodynamic parameters from the ground-
truth hyperspectral image. To model light propagation in tissue, the
theory of radiative transport and robust approximations, such as
diffusion, Born, and empirical modeling, were used. The intensity
reflected from a biological sample can be expressed as a function of λ
in the visible range:
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where b1, b2, and b3 are associated with the scattering (Mie or
Rayleigh) contributions at λ0 = 800 nm, εHbOd2

(λ) denotes the
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absorption coefficient of oxygenated hemoglobin (HbO2), εHb(λ)
denotes the absorption coefficient of deoxygenated hemoglobin (Hb),
b4 is the hemoglobin concentration multiplied by the optical path
length, and b5 is the blood oxygen saturation (sPO2). In this study, the
level of skin irritation was indicated by the hemoglobin contents
multiplied by the optical path length (b4), using eq 7. The fitting
parameters were computed using the simplex search (Nelder−Mead)
algorithm. The results of the calculated average hemoglobin contents
on the skin clearly showed that there was no significant difference (p
< 0.05) among bare cotton, PPy, and Ecoflex overcoat, while there
was a significant difference (p > 0.05) with the result of the 3 M tape
(Figure S12). This result suggests that PPy, with or without the sealer,
caused no sign of skin irritation, demonstrating excellent biocompat-
ibility with the skin.
Finite Element Analysis. The deformation behavior of the yarns

was analyzed by finite element analysis (FEA) using the commercial
software package Abaqus. A 7 × 7 array of unit yarn structures was
designed with a yarn diameter of 180 μm, and periodic boundary
conditions were applied to the outer surfaces of the unit structures at
the edges of the array. A linear elastic model was utilized with an
elastic modulus of 1 GPa and a Poisson’s ratio of 0.3, and a self-
contact model was employed with interaction properties of frictionless
tangential behavior and hard contact normal behavior.
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