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Recently, an investigation into preventive measures for coronavirus disease 2019 (COVID-19) has
garnered considerable attention. Consequently, strategies for the proactive prevention of viral
pathogens have also attracted significant interest in the field of wearable devices and electronic
textiles research, particularly due to their potential applications in personal protective equipment. In
this study, we introduce smart textiles designed with optimized piezoelectric devices that exhibit
antifouling performance against microorganisms and actively inactivate viruses. These active-type
smart textiles, which incorporate advanced lead zirconate titanate (PZT) ceramics, a stretchable
interconnector array, and polymeric fabric, demonstrate effective antifouling capabilities, detaching
approximately 90% of Escherichia coliand 75% of SARS-CoV-2. Furthermore, they inactivate viruses,
releasing ~26.8 ng of N protein from ruptured SARS-CoV-2, using ultrasonic waves within the
wearable platform. Experimental results show that piezoelectric smart textiles significantly reduce the
spread of COVID-19 by leveraging the electrical and acoustic properties of PZT ceramics.

The coronavirus disease 2019 (COVID-19) outbreak has posed a severe threat
to humanity worldwide due to its rapid spread, the severity of its symptoms,
and the challenges in treating the disease'™. This extraordinary situation has
impacted public health, political conditions, and cultural norms, leading to
significant changes in the human social system. Numerous scientists have
focused on developing medical vaccines for severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2)*”. Although vaccines developed by
companies (e.g., Moderna and Pfizer) have shown impressive results, they
face challenges with new virus variants and issues in vaccine distribution and
production. Therefore, supplementary measures are necessary to prevent the
spread of COVID-19, including rapid and reliable diagnosis for fast isolation
and contact tracing, and the elimination of transmission routes through the
use of personal protective equipment (PPE) for COVID-19'"".

In this context, wearable platforms have demonstrated significant
potential in effectively preventing infectious diseases'*"”. They serve as a

frontline defense, protecting humanity from dangerous bacteria and viruses
transmitted through airborne respiratory aerosols and droplets smaller than
100 um'"* .

For example, wearable devices/nanomaterials designed to prevent
COVID-19 have demonstrated outstanding results, including super-
sensitive biosensors based on reduced graphene oxide for sensing
antibodies'****, automated wireless wearable devices for continuous bio-
signal monitoring to diagnose the disease swiftly and reliably””, and a two-
dimensional materials-based superhydrophobic mask for self-cleaning and
aerosol filtration to prevent viral infection®”. However, these research
findings, while powerful as adjuncts to vaccines, have a major limitation:
their effectiveness largely depends on the surface properties of the nano-
materials (Supplementary Table 1). If the surfaces become contaminated,
not only does their antifouling and antiviral performance decline rapidly
and drastically’**, but complex sterilization processes are also required for
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performance recovery. Furthermore, these approaches primarily focus on
rapid diagnosis for isolation or tailored treatments for COVID-19 patients
and cannot inactivate SARS-CoV-2 directly. Hence, innovative strategies
capable of actively inactivating SARS-CoV-2 are required to prevent the
spread of COVID-19.

To address these limitations, advancements in active-type prevention
strategies, such as electronic devices, are required. These strategies offer
antifouling performance against microorganisms and direct virus inacti-
vation, providing continuous performance and functioning effectively
under harsh conditions compared with passive-type strategies such as
vaccines and surface treatments. In this study, we introduce piezoelectric
smart textiles based on lead zirconate titanate (PZT), exploited as a func-
tional material in flexible electronics (Supplementary Table 2), for an active
type of PPE to prevent the transmission of bacteria and viruses. The
acoustic-based antifouling program, which has primarily been applied to
macro-scale systems, has been miniaturized to the level of a wearable device
and applied to the fabrication of smart textiles. This is the first demon-
stration of smart textiles exhibiting active antifouling performance against
various microorganisms using vibrations generated by ultrasonic waves.
The textiles, with PZT-based ultrasonic transducers, a stretchable metal
interconnector array, and a fabric matrix, demonstrate antifouling perfor-
mance against bacteria (e.g., Escherichia coli (E. coli)) and viruses (e.g.
SARS-CoV-2), even in droplets and high concentrations of bacterial and
viral suspensions. Moreover, they can inactivate the viruses through the
mechanical displacement that bursts the virus. We successfully confirmed
the performance of the piezoelectric smart textile by integrating the ultra-
sonic transducer into a wearable platform, detecting N proteins from rup-
tured viruses, and identifying remaining viruses on the textile’s surface.
Notably, smart textiles maintain consistent high performance, even under
harsh conditions, such as high concentrations of bacterial and viral sus-
pensions. Thus, developing PZT-based smart textile platforms with anti-
fouling and antiviral capabilities is expected to pave the way for new
opportunities in the field of smart textiles and biomedical applications.

Results
Designs and principles for the active-type piezoelectric smart
textiles
Figure 1a illustrates the operating principle and an exploded illustration of
the PZT-based ultrasonic smart textile. Ultrasonic waves emitted from the
PZT-based ultrasonic transducer enhance the antifouling performance
against bacteria (E. coli) and viruses and actively inactivate the coronavirus.
The ultrasonic transducers are arranged in a 2 x 2 array and connected by
stretchable metal interconnectors, which consist of a bilayer of polyimide
(PL; thickness of =3 pm) and copper (Cu; thickness of ~20 um), encapsu-
lated with a silicone elastomer for insulation and a hydrophobic surface (see
details in Method section and Supplementary Fig. 1). The entire assembly is
integrated into a nylon textile, providing a robust barrier against moisture
and protecting against the absorption of aerosols and droplets containing
bacteria and viruses.

We used a piezoelectric ceramic composed of 0.65Pb(Zr 465 T 545)O3-
0.35 Pb(Zng 167Nig 167Nbg 666)O3 (PZT-PZNN; thickness: =420 um). For
high power density and effective power delivery to the functional smart
textiles, silver (thickness: ~10 pm) is used as conductive electrodes (Fig. 1b,
left; see details in Method section). To confirm the microstructure and layers
of the PZT composite, we examined the scanning electron microscopy
(SEM) image of the ceramic (Fig. 1b, right) that reveals dense micro-
structures with consistent grain size (=~ 1 pm) and uniform layer thickness of
the ceramic™. Figure 1c displays the X-ray diffraction (XRD) pattern of the
PZT-PZNN ceramic, indicating a well-formed homogeneous perovskite
structure without secondary phases (see details in Method section). Figure
1d shows the polarization-electric field (P-E) hysteresis curve of the PZT
ceramic, demonstrating its typical ferroelectric state and confirming the
absence of any internal bias (see details in Method section). Figure le pre-
sents a photographic image of piezoelectric smart textiles with a 4 x 5 array
of ultrasonic transducers. These textiles contain square-shaped and circular

piezoelectric ceramic islands (dimensions: 5 mm x 5 mm and a diameter of
1 cm, respectively), connected by stretchable metal interconnects (see details
in Supplementary Fig. 2). Figure 1f illustrates the working principle of the
antifouling functional smart textiles. The ultrasonic transducers can gen-
erate a mechanical displacement of PZT islands up to ~3.5 nm, providing
continuous antifouling performance and preventing the attachment of
aerosols and droplets to their surfaces. Furthermore, these mechanical
vibrations are transmitted to the PZT islands embedded in the nylon fabric,
creating an antifouling effect across the entire smart textiles. The PZT-based
ultrasonic smart textile offers economic feasibility (see details in Supple-
mentary Note 1).

Mechanical, electrical, and ultrasonic properties of the PZT-
based transducers

Figure 2a—c illustrates the mechanical properties of the bare PZT-based
piezo-ultrasonic assembly, demonstrating its potential for application in
smart textiles or wearable devices under tensile stress. After the arrays have
fully been unraveled by stretching, the tensile strain in the Cu electrodes
increases rapidly, defining the stretching limit of the arrays. Both simula-
tions and experiments indicate that up to 30% biaxial stretching results in
irreversible deformation of the arrays upon release™ (see details in Sup-
plementary Note 2). Figure 2a presents an optical microscopic (OM) image
of a2 x 2 array of elements that can be reversibly stretched up to 30% in the
biaxial direction. Finite element analysis (FEA) results of the arrays and the
integrated arrays with fabric (nylon; dimensions: 10 mm x 10 mm and
thickness of =500 pm) substrates reveal calculated tensile strains (maximum
~2%) produced by the biaxial stretching, as shown in Fig. 2b, c. These strains
are substantially lower than the fracture and yield values of each integrated
material®’. Considering that human skin exhibits a linear elastic response to
a tensile strain of 20%, these experimental results suggest that the island
bridge architecture materials are suitable for wearable device
applications™"*,

The ultrasonic transducer actively converts electrical potentials from
the top and bottom electrodes into mechanical vibrations and vice versa,
thereby enhancing both bursting and antifouling performance. To validate
this strategy, we present the measured impedance and phase angle spectra of
the square/circle-shaped ultrasonic transducer islands as shown in Fig. 2d, e.
The black curves represent the impedance of the ultrasonic transducers
across the frequency spectrum, indicating the resonance frequencies (f,) of
the square-shaped ultrasonic transducer (410 kHz) and the circular-shaped
ultrasonic transducer (196 kHz), and the antiresonance frequencies (f;) of
the square-shaped ultrasonic transducer (410.5kHz) and the circular-
shaped ultrasonic transducer (211.5 kHz). The red curves depict the phase
angles of the ultrasonic transducers according to the frequency spectrum. To
illustrate the changes in the resonance—-antiresonance frequencies according
to the geometric design of our transducers, 3D finite element parametric
modeling was conducted in COMSOL Multiphysics, as shown in Supple-
mentary Fig. 5. The resonance-antiresonance frequencies are similar in
both simulation and experimental data. Quantitative differences between
the simulations and the experimental results might be attributed to vibration
damping from the use of flexible polyimide, Cu film electrodes, and adhe-
sives (Supplementary Fig. 3). Figure 2f, g exhibit the results of the pulse-echo
signal at its f, in an air medium. These results confirm that ultrasonic
transducers can transmit and receive pulses in the air and in droplets. Figure
2h, i depict the measured displacement results of ultrasonic transducers
fabricated with square/circle-shaped islands according to their frequency
spectrum. The curves display the maximum displacements of =~0.2/1 nm
(2 V; black curves), 0.3/1.5 nm (4 V; red curves), and 0.6/3.5 nm (8 V; blue
curves) at the f.. These vibration capabilities, specific to each shape, con-
tribute to the antifouling performance (square-shaped ultrasonic transdu-
cer) and the rupturing performance (circle-shaped ultrasonic transducer),
thereby enhancing the functionality of smart textiles. Additionally, we
measured the electrical, mechanical, and ultrasonic properties of ultrasonic
transducers of dimensions 15 mm x 15 mm to facilitate the use of ultrasonic
transducers of other dimensions for various applications (see details in
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Fig. 1 | Design and functionality of the smart textile for antifouling performance
and virus rupture. a Schematic of the smart textile illustrating its components, the
ruptured virus, and the textile’s antifouling performance. b Optical image and
exploded schematic of the ultrasonic transducer (left), alongside a cross-sectional
SEM image, showing the microstructures of the PZT (right). ¢ XRD pattern of the

PZT ceramics and an illustration of the crystal structure. d P-E hysteresis curve of the
poled PZT ceramics, demonstrating the ceramics’ performance for piezoelectricity.
e Photographic image of the textile bent around a hand-shaped form (left), and a
detailed photographic image displaying the textile’s scale and elements (right).

f Illustration of the antifouling mechanism in the on-state smart textiles.

Supplementary Fig. 4-6). Also, reusability tests were also conducted on
smart textiles composed of unit pixels of square and circular ultrasonic
transducers, and are expected to have long-term durability (see details of the
reusability test of ultrasonic transducer in the Method section).

Antifouling performances against cellular microorganisms

Based on the deep understanding of the ultrasonic properties of the bare
PZT-based piezo-ultrasonic assembly, the anti-biofouling function of the
PZT-based ultrasonic transducer integrated into smart textiles was
demonstrated. Figure 3a presents a schematic of the antifouling perfor-
mance of the PZT-based ultrasonic transducer integrated into smart textiles
with PDMS against E. coli in both droplet (left) and suspension conditions
(right). The ultrasounds emitted from the PZT-based ultrasonic transducers
actively remove bacteria from the textile surface, resulting in a protective
effect known as antifouling performance. Figure 3b displays an analysis of
the smart textiles’ performance using optical profilometry (top), OM

(middle), and photographic images (bottom). It also examines the prop-
erties of droplet size on the textile surface (right) under alternating off/on
states. The results show that droplets (50-180 um in height and 200-500 pm
in diameter; black curves) are effectively displaced (red curves) due to the
antifouling performance of the textiles. Figure 3¢ shows the SEM images of
the textiles with sprayed bacterial droplets under off/on states. These images
confirm that bacterial droplets are displaced by the ultrasonic waves,
aligning with the results of the image analysis. When the ultrasonic trans-
ducer is turned off, the mean density of bacteria attached to the surface at the
bacterial suspension condition is 7.4log cells/mm’ and at the bacterial
droplet condition is 7.8 log cells/mm’, respectively. When the ultrasonic
transducer is turned on, the mean density of bacteria attached to the surface
at the bacterial suspension condition decreases to 6.4 log cells/mm’ and at
the bacterial droplet condition to 6.8 log cells/mm’. These results demon-
strate a decrease in bacterial attachment by >1log unit in the on state
compared with the off state, indicating that the ultrasonic transducer

npj Flexible Electronics| (2024)8:65


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-024-00350-y

Article

a b FEA simulation tnax (%) € FEA simulation Emax (%)
A 0.42
-
]
]
5 5 5 =
® 2 ] —
g £ ‘
® @ n 0.0
3 < 2
S o i
© ™
v
30 % stretch 30 % stretch
d e f
13 0 10 100 0.2
a L —_—
> " 20 2 9 75 50 2 T
S & k) 2 £
Y " 20 © by @ k3
o L o 5 0 o % 0
c 3 c S S
s 10 40 2 < Q 2
o o o > =
@ . \ —_— [ Qo
o Ve <5 o 25 50 £
E [ Snn o0 E = <
et
-80 0 100 0.2
405 407.5 410 4125 415 150 200 250 0 1 2
Frequency (kHz) Frequency (kHz) Time (ms)
g h i
0.8 4
0.2 —_ 2V —_ 2V
< € — 4V = — 4v
£ <08 gy S 3 — v
2 0 0.4 2
5 3 s
£ 8 8
[-}
< & 02 £ 1
Rl lml :
0.2
0 1 2 0 0
Time (ms) 400 405 410 415 150 200 250
Frequency (kHz) Frequency (kHz)

Fig. 2 | Characterization of the ultrasonic device focusing on its electrical and
mechanical properties. a Experimental and simulation test results for 30% biaxial
tensile stretching of the smart textiles. b Simulation results without the fabric.

c Simulation results with the fabric incorporated. Impedance and phase angle spectra
of the ultrasonic transducers fabricated with d a square-shaped PZT and e a circle-

shaped PZT, demonstrating piezoelectricity and the optical image. f Sent pulse signal
and g received echo signal by the ultrasonic transducers through an air medium.
Displacement of the ultrasonic transducers according to the frequencies and voltages
integrated with h square-shaped PZT and (i) circle-shaped PZT.

improves the antifouling performance with both bacterial suspension and
droplet conditions (Fig. 3d). Figure 3e displays the weight variation of the
smart textiles in both off and on states, with sprayed droplets on their
surface. Starting with sprayed droplets of 1g at standard ambient tem-
perature and pressure, the weight of the smart textiles decreases (=0.15 g
over 30 min and =0.27 g over 60 min in the off state, ~0.28 g over 30 min,
and =0.47 g over 60 min in the on state). These results suggest that the
observed weight loss is attributable not only to droplet evaporation but also
to the functioning of the smart textiles. This confirms the antifouling per-
formance of the smart textiles under droplet conditions.

Figure 3f presents the pour plating data, which varies with the voltages
applied, alongside the SEM images of the surface from the bacteria
experiments. The number of bacteria attached to the square-shaped ultra-
sonic transducers at 0V, 4V, and 8V was 62+*0.3log CFU/mL,
5.0 £0.2log CFU/mL, and 4.7 + 0.2 log CFU/mL, respectively. These results
indicate a reduction in bacterial attachment of over 1log unit following
ultrasonic transducer treatments, demonstrating the effectiveness of this
method in enhancing antifouling performance. The SEM images corrobo-
rate that the ultrasonic transducer effectively prevents bacterial attachment
to the surface. Figure 3g presents a graph depicting the number of bacteria
attached to the surface of the ultrasonic transducers at 0V (8.2 £ 0.3 log
CFU/mL) and compares it to those fabricated with square-shaped

(5.4 £ 0.4log CFU/mL) and circular-shaped (5.3 + 0.5 log CFU/mL) ultra-
sonic transducers. Figure 3h shows the number of bacteria attached to the
surface of the textile (Nylon; 7.3 +1.3log CFU/mL), the textile at 0V
(9.7 £ 1.2log CFU/mL), and the smart textile at 8 V (6.2 + 0.6 log CFU/mL).
These results demonstrate a significant decrease in bacterial attachment by
~90%, thereby experimentally confirming the antifouling performance of
the smart textile.

Notably, the impact of PDMS surface properties on the antifouling
performance is expected to be minimal, as PDMS encapsulation is applied
only to the electrodes, which are a small part of the integrated ultrasonic
transducer. Furthermore, the active type smart textile is anticipated to
maintain excellent antifouling properties compared with the hydrophobic
surface, without concerns regarding surface contamination that causes
performance degradation, which can occur with passive type antifouling
strategies.

Antifouling and rupturing performances against non-cellular
microorganisms

We investigate the antifouling and rupturing performance of an ultrasonic
transducer integrated smart textile with PDMS against the coronavirus
(SARS-CoV-2) using experiments with inactivated viruses. Figure 4a pro-
vides schematic illustrations and experimental data demonstrating the
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Fig. 3 | Experiments with bacteria (E. coli) and the evaluation of antifouling
performance under various conditions. a Schematic illustrating the antifouling
principles against bacterial droplets and suspensions. b Image analysis performed
with a 3D optical profiler, including photographic images (left) of droplets on the
smart textile surfaces and a graph (right) displaying droplet sizes to demonstrate
antifouling capabilities. ¢ SEM micrographs of the smart textile surface in the off-
state (top) and on-state (bottom), highlighting antifouling effects. The off-state
images show bacteria attached to the surface, whereas the on-state images depict a
clean surface. d Analysis of bacterial attachment under different conditions (droplet,

Textile textile (0V) textile (8V)

suspension) on smart textiles in both off/on states. e Measurement of weight var-
iations in smart textiles over time in off and on states. f Amount of bacteria adhered
to the surface of a single-pixel transducer (square-shaped PZT), including SEM
micrographs of the device’s surface in off and on states. g Comparison of the number
of bacteria attached to the surface of a one-pixel transducer (circle-shaped PZT)
versus a square-shaped PZT, with both demonstrating significant antifouling per-
formance. h Quantification of bacteria attached to the surface of smart textiles in off/
on states after exposure to a bacterial suspension, compared with nylon textiles.
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Fig. 4 | Experimental results of virus tests for antifouling and rupture perfor-
mance in suspension and droplet forms. a Schematic illustrating the antifouling
performance against SARS-CoV-2 droplets, and the electrical and mechanical
properties of the smart textile. b Photographic image of the smart textile with

droplets in the power-off state. ¢ Cryo-TEM image of SARS-CoV-2. d Photographic
image of the textile in the power-on state. e Proportion of SARS-CoV-2 adsorbed
from the suspension on the textile. f Proportion of SARS-CoV-2 adsorbed from
droplets on the textile. g Measurement of N protein from disrupted SARS-CoV-2.

antifouling performance when a SARS-CoV-2 suspension is sprayed onto
the smart textile. The adsorption of SARS-CoV-2 on the textile is prevented
by displacements generated by the smart textile. The left graph in the inset
displays the impedance and phase angle of the smart textile, with resonance
frequency (f;) at 195.5kHz, antiresonance frequency (f,) at 211.5kHz,
impedances (black curves), and phase angles (red curves). The textile gen-
erates a displacement of maximum =0.3 nm at 2V, =0.2nm at 4V, and
~0.4 nm at 8V, at f; (right graph). The 3D profiler image details the droplet
properties, and the graph indicates droplet sizes (diameter < 250 pum).
Figure 4b presents a photographic image of the smart textile sprayed with a
SARS-CoV-2 suspension when the device is switched off, exhibiting a large
number of droplets on the surface, which includes the stretchable ultrasonic
transducers and the nylon textile. Figure 4c displays representative cryo-
genic transmission electron microscopy (Cryo-TEM) images of the SARS-

CoV-2 used in this study. In contrast, significantly fewer droplets are
observed on the surface when sprayed during the operation of the smart
textile (Fig. 4d; see details of the virus experiment in the Method section).

To quantify the antifouling performance of the smart textile against
SARS-CoV-2, we measure the amount of virus adsorbed. Initially, the smart
textile is immersed in a highly concentrated viral suspension (1.07 x 10"
copies/mL), where substantial adsorption was expected. Figure 4e shows
that approximately 20% less SARS-CoV-2 is adsorbed by the vibrating
smart textile during a 1h incubation. This result implies that our smart
textile can effectively reduce the adsorption of SARS-CoV-2 in extreme
environments. To evaluate the antifouling performance in a realistic
environment, we conduct the same experiment with sprayed viral droplets,
as shown in Fig. 4f. Notably, the ultrasonic waves emitted by the smart textile
reduced the adsorption of SARS-CoV-2 by more than 75%.
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Finally, we examine whether our device could rupture the viruses.
Given that ultrasonic waves can disrupt a lipid membrane”, we fabricate an
optimized ultrasonic transducer with a large displacement (3.4 nm, circular-
shaped ultrasonic transducer) that can rupture the viruses at the surface.
After immersing the smart textile in the viral suspension and operating for
1 h, 26.8 ng of N protein was detected in the suspension, indicating virus
rupture (Fig. 4g). This result shows that our smart textiles can not only
reduce adsorption but also effectively rupture the viruses.

Discussion

In this study, we demonstrate the efficacy of active-type smart textiles, which
are integrated with flexible devices, designed to prevent bacterial con-
tamination and COVID-19 infections***. We outline the designs, materi-
als, and operating principles of piezoelectric smart textiles. These active-type
wearable platforms, which incorporate ultrasonic transducers***, stretch-
able interconnector arrays*, and polymeric fabric, exhibited antifouling
performance against bacteria (E. coli) and viruses (SARS-CoV-2). They also
maintained stable performance under harsh conditions, such as in the
presence of bacterial droplets and high concentrations of viral suspensions.
Moreover, the piezoelectric transducers demonstrated rupturing perfor-
mance against SARS-CoV-2.

The performance of the smart textiles was confirmed through
experimental results, including an analysis of optical images, an examina-
tion of the properties of bacteria and viruses attached to the surface of the
textiles, and a quantitative analysis of N proteins generated from the rup-
tured viruses. We anticipate that these significant results will provide an
effective method to reduce the spread of COVID-19. These textiles are a
crucial strategy for medical staff exposed to high concentrations of bacteria
and viruses, offering substantial potential as a preventive measure during
outbreaks of infectious variants. The integration of sensing devices, along
with the introduction of self-power generation and wireless systems, will
enable PZT-based ultrasound wearable devices to be adapted to various
form factors.

Methods

Fabrication of smart textiles

The fabrication of smart textiles encompasses three primary stages: (i) the
fabrication of stretchable electrodes; (ii) the assembly of the ultrasonic
device; and (iii) the integration of the elements. (i) In the first stage, a 3 um-
thick PI layer (poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic
acid solution, Sigma-Aldrich, Republic of Korea) is coated on a 20 um-thick
Cu film, to create flexible electrodes”**. This is achieved by spin-coating the
PI on the Cu film at 3000 rpm for 30 s, followed by a sequential baking
process on a hotplate at temperatures of 110 °C, 160 °C, and 180 °C for
10 min each, and culminating with a full cure in a vacuum oven at 180 °C for
1 h. The PI/Cu films are patterned into curved lines using pulsed laser
ablation, as depicted in Fig. 1a (designed by Auto CAD software). The laser
parameters include a central wavelength of 1059-1065 nm, power of 0.228
m]J, frequency of 35 kHz, speed of 300 mm/s, and pulse width of 500 ns,
which are specifically employed for patterning the Cu electrodes®. (ii) In the
second stage, flexible circuits are soldered to ultrasonic transducers using Ag
paste (P-100, El-Coat, Republic of Korea) for the top and bottom electrodes.
(iii) In the final stage, these transducers are affixed to pre-cut PDMS sub-
strates (10:1, Sylgard 184, Dow Corning, USA) matching the shapes of the
PZT. The PDMS substrate is prepared by spin-coating at 1000 rpm for 60 s
and cured at room temperature for 12h. The devices are subsequently
encapsulated with PDMS (10:1) and integrated with nylon fabric (refer to
Supplementary Fig. 7 and Supplementary Fig. 8) before curing at room
temperature for an additional 12 h.

Characterization of PZT

A homogeneous rhombohedral perovskite structure (JCPDS #86-1712) is
confirmed in all PZT specimens, as detailed in Supplementary Fig. 9. The
lattice parameters and inter-axial angle for all specimens are consistently
a=b=c=4.045A and a=89.8°, respectively. The ferroelectric hysteresis

(P-E) curve was obtained at a fixed frequency of 1 Hz using a ferroelectric
measurement system (TF analyzer 1000, aixACCT Systems GmbH, Ger-
many). Measurements were conducted in silicon. Additionally, the dielec-
tric properties, including the dielectric constant (e35'/¢,) and dielectric loss
(tan 8), were measured using an impedance analyzer (Agilent Technologies
HP 4294 A, Santa Clara, USA). The £55"/¢, and tan § values for PZT-PZNN
are 3360 and 0.042, respectively.

Poling of PZT and electrical testing of PZT

Calcined commercial PZT powder (MPT, Hayashi Chemical, Japan) was
pressed into discs at a pressure of 100 kgf/cm® and sintered at 1050 °C for
4 h. Subsequently, silver (Ag) paste was screen-printed onto the sintered
specimens and fired at 550 °C for 10 min. The PZT ceramics were poled in
silicone oil by applying a DC field of 4 kV/mm for 30 min at 100 °C. The
active electrode areas of the square-shaped and circle-shaped PZT trans-
ducers are 0.25 cm” and 1.13 cm’, respectively. The poling field and tem-
perature conditions were set, with PZT-PZNN and commercial PZT (MPT)
exhibiting coercive electric fields of =0.8kV and =1 kV, respectively, as
illustrated in Fig. 1d and Supplementary Fig. 10. The poling field was
intentionally set higher than the coercive electric field to ensure complete
alignment of the polarization in the desired direction. Furthermore, tem-
perature influences the mobility of charged defects, domain wall movement,
and the kinetics of polarization reversal, necessitating an optimal tem-
perature range for poling. Given that the Curie temperature of PZT mate-
rials, where the material transitions from ferroelectric to paraelectric states,
ranges from 200 to 400 °C, poling temperatures typically vary from 60 to
120 °C. The structural properties of the PZT ceramics were characterized
using XRD (D/max-RC, Rigaku, Japan) and SEM (S-4300, Hitachi, Japan).
Additionally, the ferroelectric hysteresis (P-E) curve was obtained using a
ferroelectric measurement system (TF analyzer 1000, aixACCT Systems
GmbH, Germany).

Measurement of hysteresis of PZT

Conventional ferroelectric hysteresis (P-E) measurements were utilized to
plot the hysteresis curve. After the application of the preset pulse, a rema-
nent polarization (+P,) of =20 uC/cm” was observed. With the application
of the triangular bipolar field pulse, polarization reached saturation at the
maximum electric field and diminished to zero upon reaching the coercive
electric field (+E.). As the electric field was reduced to zero, a remanent
polarization (—P,) remained. Thereafter, polarization again reached
saturation at the negative maximum electric field and increased to zero as
the negative coercive electric field (—E,) was attained. Finally, as the electric
field was restored to zero, the polarization incrementally increased.

Electromechanical and mechanical analysis of the ultrasonic
transducers

An impedance analyzer (Agilent Technologies) was employed to measure
the impedance and phase angle of the ultrasonic transducer across a fre-
quency range of 40 Hz to 110 MHz. The resonant frequency (f,) and anti-
resonant frequency (f,) of the ultrasonic transducers, both square and cir-
cular, were also measured. Additionally, the displacement of the ultrasonic
transducer, which was equipped with a laser reflection tape
(dimensions =5 mm x 5 mm, thickness =1 mm), was quantified using a
laser number measuring instrument.

FEA simulations

The mechanical response of Nylon textile and Cu electrodes was evaluated
using biaxial tensile tests conducted through finite element (FE) simulations
with ABAQUS/Explicit (Dynamic, Explicit procedure). Material properties
such as Young’s modulus (E) and Poisson’s ratio (v) for both textile and Cu
electrodes were derived from previous studies™ ™, with Exyion of 2700 MPa,
Ecy of 119,000 MPa, vyion of 0.39, and vg, of 0.34. Additionally, yield
strength values for the electrodes, obtained from previously published
experimental data, were incorporated into the simulations. Proper bound-
ary conditions were implemented during the tensile test (see details in
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Supplementary Note 2): the bottom and left parts of the electrodes were
constrained in both direction and position, specified by the displacement
settings (bottom of Ul =U3=UR1=UR2=UR3=0 and left of U2=
U3 =UR1 =UR2 =UR3 =0). The interface between the textile and elec-
trodes was secured using the Tie constraint of the Interaction Module. The
structural configuration employed hybrid hexahedral elements (C3D8H)
for the nylon layer and reduced integration hexahedral elements (C3D8R)
for the electrode layer. The electrode’s element size was set at 0.15 mm,
resulting in a mesh comprising 14,983 electrodes. The biaxial tensile test
adjusted the boundary conditions to elongate the model by 30% in both axial
directions.

Grid independence test

A grid independence study was conducted by evaluating the maximal
principal strain across six different grids with element numbers of 547, 1462,
5433, 14,983, 20,488, and 41,596. The results from these grids were com-
pared to determine the optimal balance between computational efficiency
and accuracy (refer to Supplementary Fig. 11 for details). The analysis
revealed negligible differences in the results when comparing the smaller
grids to the grid with 14,983 elements. Consequently, to optimize compu-
tational time while maintaining accuracy, the grid consisting of 14,983
elements was selected for subsequent computations™.

Bacterial cultures

The working cultures of Escherichia coli (ATCC 25922; Korean Culture
Center of Microorganisms, Seoul, Republic of Korea) were prepared by
transferring a portion of the culture from tryptic soy agar (TSA; Becton,
Dickinson and Co., Franklin Lakes, NJ, USA) using a loop to 9 mL of tryptic
soy broth (TSB; same manufacturer). This mixture was incubated at 37 °C
for 24 h. Subsequent to this initial incubation, the culture was transferred to
fresh TSB using a 20 pL loop and incubated again at 37 °C for an additional
24 h. The final concentrations of the cultured E. coli ranged from 8.5 to
9.0 log CFU/mL.

Dip-inoculation

The inoculation process involves immersing the ultrasonic transducer and
smart textile in 5 mL of a bacterial suspension, with concentrations ranging
from 8.6 to 9.0 log CFU/mL, at room temperature. This step is performed
for 1 h while the devices are in a power-on state.

Bacterial adhesion assay

The inoculation process entails immersing smart textiles in 5 mL of a bac-
terial suspension, with concentrations ranging from 8.5 to 9.0 log CFU/mL,
at room temperature for 1h, while the devices are powered on. The
assessment of bacterial adhesion on each sample surface was performed
using the pour plate method. This method involves enumerating viable
bacteria by counting the total number of colony-forming units (CFU). After
inoculation, the devices were transferred into 9 mL of 0.1% (w/v) peptone
water and vortexed for 1 min to detach bacteria from their surfaces. Sub-
sequent serial dilutions were performed, and 1 mL of peptone water con-
taining bacteria was plated onto tryptic soy agar (TSA). The bacteria were
incubated for 24 h at 37 °C under aerobic conditions. The resulting bacterial
densities indicated the quantity of bacteria attached to the surfaces. Addi-
tionally, the analysis of bacteria attached to the devices was conducted using
SEM. Devices that had been immersed in the bacterial suspension for one
hour were prepared for SEM imaging by depositing a thin layer of platinum
(14 nm) on their surfaces to ensure adequate electrical conductivity.

SARS-CoV-2 specimen collection

Inactivated SARS-CoV-2 was provided by the Korea Center for Disease
Control and Prevention. Throat swabs from COVID-19 patients were used
to extract SARS-CoV-2. The Vero E6 cell line was utilized to subculture the
collected SARS-CoV-2 across two passages. The virus was inactivated via
thermal treatment, involving the following procedure: Two 175 T flasks
containing 1 x 107 Vero E6 cells each were prepared. Each flask was

inoculated with 100 uL of live virus (6.5x 10° PFU/mL) in a medium
containing 2% fetal bovine serum (FBS) and 1% penicillin (PS). After three
days, following the observation of a cytopathic effect, the virus was har-
vested. The harvested suspension was centrifuged to remove cells, and the
supernatant was transferred to a 50 mL tube. To inactivate the virus, this
tube was subjected to a thermal treatment in a 70 °C water bath for 1 h (P0).
Subsequently, Vero E6 cells were seeded in a 12-well plate (2 x 10° cells/well)
and inoculated with the virus suspension. The cytopathic effect (CPE) was
monitored over five days (P1). After confirming the absence of observed
CPE, the inoculation was repeated (P2). Finally, ribonucleic acids were
extracted from the PO-P3 suspensions, and the Ct values of the R/E gene
were measured to verify any changes in virus quantity. The Ct values
obtained were P0: 13.36/12.15,P1:22.1/19.83, and P2: 27.73/25.1, indicating
a decrease in viral RNA. The concentration of the virus suspension used in
the study was 1.07 x 10" copies/mL.

Adsorption and rupture experiments of SARS-CoV-2

The adsorption of SARS-CoV-2 on smart textiles and transducers was
monitored by measuring the N protein levels. The devices were exposed to the
virus either by droplet application or by full immersion in the virus sus-
pension. Following 1 h of exposure, the surfaces were thoroughly washed with
PBS at least thrice. Subsequently, the devices were immersed in a virus lysis
suspension [comprising 50 mM Tris(hydroxymethyl)aminomethane (TRIS)
and 0.05% sodium azide] for 30 min to release the N protein from the
adsorbed SARS-CoV-2. The concentration of N protein in the lysate was
quantified using an enzyme-linked immunosorbent assay kit (Abcam, USA).
The resulting standard curve demonstrated an R*value 0f 0.998, as detailed in
Supplementary Fig. 12. Additionally, to disrupt SARS-CoV-2, an ultrasonic
transducer equipped with a larger displacement membrane (3.4 nm) was
employed. The transducer was immersed in the virus suspension and oper-
ated at its resonant frequency (f;) for 1 h. After this incubation period, the
suspension was collected, and the amount of released N protein was mea-
sured to assess the efficacy of the transducer in disrupting the viral membrane.

Reusability test of ultrasonic transducer

Reusability tests on smart textiles composed of unit pixels of square and
circular ultrasonic transducers. One cycle was performed by soaking the
smart textile in DI water for 5 minutes and then drying it at room tem-
perature for 5 minutes. Electrical properties were examined after each cycle
was repeated up to 100 times (Supplementary Fig. 13).

Data availability

The data that support the findings of this study are either provided in the
source data or are available from the corresponding author upon reasonable
request.
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