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Silicon nanocolumn-based disposable and
flexible ultrasound patches

Dong-Hyun Kang 1,2,9, Seonghun Cho1,3,9, Hae Youn Kim1, Shinyong Shim1,
Dong Hun Kim1, Baren Jeong4, Yoon Seong Lee4, Eun-Ah Park4, Whal Lee4,
Hyungmin Kim 1, Butrus T. Khuri-Yakub5, Maesoon Im6,7,8,
Jae-Woong Jeong 3 & Byung Chul Lee 1,7,8

Traditional wearable ultrasound devices pose challenges concerning the
rigidity and environmental impact of lead-based piezoelectric materials. This
study proposes a silicon nanocolumn capacitive micromachined ultrasonic
transducer (snCMUT) array for real-time wearable ultrasound imaging in dis-
posable patches. Using a lead-free design, snCMUT incorporates silicon
nanocolumns to address existing issues and achieves high transmission effi-
ciency (220 kPa/V), flexibility, and low power consumption. The specialized
structure of snCMUT enhances displacement efficiency, enabling high-
resolution imaging while maintaining a thin, flexible form factor (~900μm).
Phantom imaging demonstrates its superior performance, with high axial and
lateral resolutions (0.52 and 0.55mm) and depth penetration (~70mm) at low
voltage (8.9 VPP). Upon successful application to monitor both sides of the
human carotid arteries, snCMUT offers clear ultrasound images and con-
tinuous blood pressure waveform monitoring. This proposed innovation
presents significant potential for continuous medical imaging and cardiovas-
cular health assessment, addressing environmental concerns and reducing
manufacturing costs (<$20).

Ultrasound is a widely used medical imaging modality, providing non-
invasive and safe real-time imaging of deep-lying tissues, organs, and
blood flow1–3. Compared to X-ray, computed tomography (CT), and
magnetic resonance imaging (MRI), ultrasoundmachines are relatively
compact and inexpensive3–5. Recent advancements inwearabledevices
and technology have led to the development of wearable ultrasonic
transducer arrays1,4,6–15, which enable various applications, including
monitoring blood flow in different body regions, imaging cardiovas-
cular structures, and mapping tissue moduli.

However, wearable ultrasound devices pose issues related to their
inherent material limitations. First, as the primary component of
wearable ultrasound devices, piezoelectric materials predominantly
containing lead pose environmental issues and violate the Restriction
of Hazardous Substances Directive (RoHS). Second, the inherent
properties of piezoelectric materials necessitate thick backing layers
to define ultrasound propagation direction and minimize pulse dura-
tion while quickly damping vibrations14,16. When backing layers are
insufficient, both axial and lateral resolution worsen due to the ringing
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and reverberation of transducers. The thick layers make them unsui-
table for wearable ultrasound technology, especially wearable patches
for continuous monitoring, as they introduce discomfort when
attached to the body. Third, assembling rigid piezoelectric materials
with flexible electrodes to achieve conformal contact becomes
increasingly difficult as array size and density increase due to fabri-
cation based on blade dicing4,17. Thus, obstacles arise in medical ima-
ging fields requiring narrow pitch, minimized kerf, and numerous
elements to achieve high-resolution imaging attributable to the
transducer beam width. Last, the high production cost of ultrasound
transducer arrays typically necessitates the reuse of wearable patch-
type ultrasound probes, driven by economic challenges16,18. While the
reuse of ultrasound probes with disposable medical cover is standard
in medical imaging, primarily due to the high production cost and
environmental issues associated with lead-based piezoelectric mate-
rials, the concept of disposable ultrasound probes offers compelling
advantages to wearable patches. Disposable ultrasound probes
address hygiene, infection control, and cross-contamination issues in
medical environments, thereby alleviating the burden of cleaning and
sterilization between uses and offering convenience and cost-
effectiveness to healthcare providers and patients. Particularly, dis-
posable ultrasound probes enhance patient safety and eliminate the
need for sterilization to streamline diagnostic procedures in environ-
ments following stringent hygiene protocols.

Based on silicon wafers and semiconductor fabrication technol-
ogy, capacitivemicromachinedultrasonic transducers (CMUTs) offer a
lead-free alternative to piezoelectric material-based ultrasound trans-
ducers with considerable potential for medical imaging, as they boast
high element density and enable miniaturization advantages2,3,19. Free
from lead, CMUTs circumvent environmental regulations, while batch
production capabilities drastically reduce manufacturing costs even
with high element density (under $12, Supplementary Table 1), facil-
itating the realization of disposable ultrasound probe patches. More-
over, CMUTs offer superior sensitivity, image resolution, and
bandwidth compared to conventional piezoelectric material-based
ultrasound probes2,3,20. Unlike piezoelectric transducers that experi-
ence degraded piezoelectric characteristics and signal-to-noise ratio
(SNR) due to their rising temperature during long-term use, CMUTs
avoid temperature increases even during extended use, making them
more suitable for wearable patches intended for long-term
monitoring21. However, despite the potential of CMUTs for high-
resolution ultrasound imaging in wearable patches, their adoption
faces challenges, including low output pressure and high bias voltage,
which limit imaging depth and elevate driving voltage22,23.

This study presents a flexible CMUT with exceptional pressure
output, designed for real-time wearable ultrasound imaging in dis-
posable patches (Fig. 1a). Leveraging semiconductor and micro-
machining technologies, the designed lead-free ultrasound patches
based on silicon nanocolumn capacitive micromachined ultrasonic
transducer (snCMUT) array are disposable and environmentally
friendly, with minimized fabrication costs of under $20 (Supplemen-
tary Table 1). The skin-conformal ultrasound patch comprises indivi-
dual flexible CMUT elements separated by elastomer-filled trenches,
mounted on an in-house designed flexible printed circuit board
(FPCB), and encapsulated with polydimethylsiloxane (PDMS) (Fig. 1b).
To enhance transmission efficiency and reduce power consumption,
silicon nanocolumns are utilized as springs beneath the moving plate
of snCMUT, increasing the average displacement (Fig. 1c). Fabricated
using a rigid-island technique, the snCMUT array boasts high flexibility
(minimum radius of curvature: <1mm), stretchability (up to 140%
without degradation), and minimized thickness (~900 µm fully pack-
aged), making it ideal for wearable applications (Fig. 1d, e). To
demonstrate the capabilities of disposable snCMUT patches, the
human carotid artery is monitored on both sides of the neck in real-
time. Owing to its elevated transmission efficiency, disposable

snCMUT patches produce clear ultrasound images (B-mode for
sonography and M-mode for blood pressure wave, Fig. 1f) even at low
driving voltages (8.9 VPP, Supplementary Table 2). The cost-effective
disposable snCMUT patches enable multi-point monitoring of blood
pressure waveforms, offering significant clinical advantages for car-
diovascular health assessment and management. By monitoring both
carotid arteries simultaneously, disposable snCMUT patches assist in
identifying hypertensive patients missed with single-side measure-
ments, detecting asymmetrical arterial stiffness, guiding precise
treatment plans, enhancing patient safety, and supporting surgical
planning and postoperative evaluation24,25.

Results and discussion
Fabrication of flexible snCMUT arrays
The proposed snCMUT operates on a principle different from that of
conventional CMUTs, which rely on the deformation of a thin plate19,20.
In the design, snCMUTs use a thin plate with pistons driven by silicon
nanocolumns as a spring26,27. The structure introduces a spring con-
stant in the mass–spring–damper system, enhancing average dis-
placement and packing density through parallel pistonmovement and
large unit cells, respectively (Fig. 2a, b, left). Finite element analysis
(FEA) simulations provide design parameters of the CMUT structure
with silicon nanocolumns, aiming for a resonant frequency of 5MHz
for carotid artery imaging (Fig. 2a, b, right). Since conventional CMUTs
offer a pull-in voltage of 93 V, while snCMUT exhibits the pull-in vol-
tage of 105 V, we applied normalized voltages at 0%, 20%, 40%, 60%,
80%, and 95% of the respective pull-in voltages of each transducer. The
results confirmed that the snCMUT exhibits significantly greater plate
deflection than the conventional CMUT enabling much higher trans-
mission efficiency for high resolution ultrasound imaging. The design
includes 20 piston top plates forming a CMUT element, each affixed
with nine 2 µm long silicon nanocolumns. To integrate vertically
oriented silicon nanocolumns into CMUTs, precise fabrication with
specific dimensions is necessary. Thus, compatibility with CMUT fab-
rication is crucial, favouring a top-down approach via silicon wafer
etching over a bottom-up approach.

Using deep reactive ion etching (DRIE) and reactive ion etching
(RIE), silicon nanocolumns were fabricated with fixed central dia-
meters of 1.5 µm and varying doughnut-shaped widths to control etch
rates (Fig. 2c). Siliconmicrocolumnsof 1.45μmdiameter and scalloped
sidewalls were fabricated using DRIE (Fig. 2d, Supplementary Fig. 1a).
While fabricating nanocolumns by reducing the silicon microcolumn
size through RIE undercutting, precise control of the vertical and
horizontal etch rate (984 and 758Å/min, respectively, for this study)
was crucial. The uniformity of etching anisotropy was confirmed even
with increased etching time, and the undercut was controlled by
varying the opening area (W) and etch time (Supplementary Fig. 2).
Successful top-down fabrication of silicon nanocolumns (Fig. 2e,
Supplementary Fig. 1b–d) with diameters controlled by etch time was
achieved (Fig. 2f). The mechanical properties of the silicon nano-
columns, acting as springs, were evaluated using a pico-indenter.
Smaller diameter nanocolumns contracted more, with 300nm dia-
meter nanocolumns changing length by 148 nmunder 500 µN (Fig. 2g).
The uniaxial compressive strain recorded was 9.1 %. Silicon nano-
columns with diameters below 100nm were unstable, leading to the
collapse of the top SiO2 layer (Supplementary Fig. 3a). Assuming dia-
meters of 500–700 nm to be optimal for stability and mechanical
performance in snCMUT, fabrication was equally well-defined in
silicon-on-insulator (SOI) wafers with high repeatability (Supplemen-
tary Fig. 3b).

The snCMUT array was fabricated via wafer bonding of two SOI
wafers using conventional microfabrication technologies (Fig. 2h,
Supplementary Fig. 4). For wearable applications, PDMSwas filled into
trenches between elements singulated on both sides during DRIE for
different trench widths to maximize flexibility (Supplementary Fig. 5).
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The cross-sectional cutting plane images obtained via a focused ion
beam (FIB) confirmed the well-bonded silicon nanocolumns (Fig. 2i, j)
and formed vacuum gaps (Fig. 2k). Transmission electron microscope
(TEM) images of the wafer bonding interface (Fig. 2l) and the interface
between SiO2 grown by thermal oxidation and Si (Fig. 2m) confirmed
the successful bonding of silicon nanocolumns and the Si plate of
CMUT via wafer fusion bonding of two SOI wafers. The snCMUT array
demonstrated impressive flexibility and stretchability, achieving
bendingwith a radius of curvature less than 1mmand elongation up to
140%, stretching from 40mm to over 55mm (Supplementary Fig. 6).
The obtained high degree of stretchability prevented wearable
snCMUT patch degradation, as the snCMUT array integrated into the
FPCB avoided strain mismatch from tensile and compressive forces
during bending.

Characterization of snCMUT
To evaluate the characteristics of the fabricated snCMUT array, a
comprehensive assessment of amplitude and phase components of

the electrical input impedance was performed using an impedance
analyser. Despite slight changes in the phase and amplitude of the
electrical input impedance, respectively, the fabricated snCMUT
exhibited sharp changes in both phase and amplitude at the resonant
frequency, as analysed using DC voltage increasing from 10 to 50V
(Fig. 3a, b). Since the silicon nanocolumns functioned as springs, the
shift in impedance phase with increasing bias voltage in snCMUTs was
minimized compared to conventional CMUTs, which are affected by
static deflections22,26. An average resonant frequency of 6.7MHz was
observed in air at 50V.

The dynamic response of the snCMUT elements was evaluated
using a laser Doppler vibrometer (LDV) integrated with a custom-built
microscope. With a DC bias voltage of 50 V and a continuous wave
pulse of 1 VPP at 4.7MHz, LDV recorded the piston movement of the
top plate along the z-axis (Fig. 3c). Maximum displacements of 3.20
and −3.64 nm were recorded in the positive and negative z-axis
directions, respectively, indicating the balanced movement of the
piston top plate. The balanced movement implied well-fabricated
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Fig. 1 | Overview of the disposable snCMUT patches. a Schematic illustrations of
disposable snCMUT patches for continuousmonitoring of both sides of the human
carotid arteries. The disposable snCMUT patches are lead-free and avoid environ-
mental restrictions. b Schematic illustrations of single snCMUT patch including
PDMS lens, snCMUTarray, and in-housedesignedFPCB.c Schematic illustrations of
4-cells of snCMUT and driving mechanism of substrate-embedded silicon

nanocolumns as springs. Optical images of the mechanical compliance of the
snCMUT array when bent with a tweezer (d) and the disposable snCMUT patch
when twisted (e). f B-mode imaging of the common carotid artery (CCA), jugular
vein (JV), and sternocleidomastoid muscle (SCM) while the subject is rested (left).
M-mode imaging of the pulsation pattern of CCA walls (right).
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silicon nanocolumns and embedded snCMUTs. The peak-to-peak dis-
placement of four-piston top plates is shown in Fig. 3d. Variations in
displacement were attributed to differences in the diameter of silicon
nanocolumns fabricated via the top-down approach. We suppose that
precisely controlled fabrication of silicon nanocolumns would enable
higher performance and be more suitable for industrial-level produc-
tion (Supplementary Fig. 3c). The average volume displacement

efficiency (uavg) was calculated as22

uavg =
1

Atot

Z
Atot

u dA ð1Þ

where u denotes the corresponding displacement, and Atot represents
the total plate area. The average volume displacement efficiency for
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Fig. 2 | Fabrication of silicon nanocolumn and snCMUT arrays. The FEA simu-
lation of moving plate in CMUT compared to conventional CMUT (a) and snCMUT
(b). The snCMUTachieves a high averagedisplacement through the parallelmotion
of the plate induced by nano-silicon springs. c Schematic illustrations of fabrication
steps for top-down approaches of silicon nanocolumn: i) PR patterning by con-
ventional photolithography on a 4-inch silicon wafer after oxidation for growth
silicon dioxide, ii) dry etching of silicon dioxide layer by RIE, iii) Defining silicon
microcolumn via DRIE, iv) shrink down of silicon microcolumn via RIE to produce
silicon nanocolumn. SEM images of fabricated silicon microcolumn (d) and silicon
nanocolumnswith diameters of 800nm (e-i), 600nm (e-ii), and 300nm (e-iii). Etch
time and opening area (W) of RIE in (e-i, ii, and iii) are 5, 6, and 8min, 10, 5, and
4 µm, respectively. The scale bar is 2 µm. f The diameter of the silicon nanocolumn
as the etch time and opening area. Data are presented as means ± standard devia-
tion (n = 10 independent samples). g SEM image of silicon nanocolumn while pico-

indentation (left) and the compressed displacement of silicon nanocolumns as
pico-indentation force and diameters of silicon nanocolumns (right). The scale bar
is 2 µm. h Photograph of fabricated snCMUT array. i–k SEM images of fabricated
snCMUT. Perspective view of snCMUT (i). The piston top plate was cut via FIB to
evaluate the dimension of the silicon nanocolumn and the vacuum gap. The cross-
sectional SEM image of the silicon nanocolumn (j) and the 180nm vacuum gap (k).
During the cutting of the piston topplate via FIB, by-products from ionmillingwere
redeposited onto the silicon nanocolumn. The scale bar is 50 µm in i, 1 µm in j, and
100nm in (k). l, m, TEM images of wafer bonding surface (l) and thermally grown
silicon dioxide surface (m). Despite the narrow cross-sectional area of the silicon
nanocolumn, it was well bonded with the top SOI wafer. The scale bar is 5 nm. All
the representative cross-sectional SEM and TEM images of the silicon nanocolumn
were obtained from repeated experiments more than 4 times.
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Fig. 3 | Characterization of snCMUT. Electrical impedance measurements of the
corresponding element of the snCMUT: the phase part (a) and the amplitude part
(b). The electrical impedancewasmeasured using different bias voltages, 10 to 50V
of DC. Phase shifts with bias voltage were observed. The resonant frequency in air
was 6.7MHz at 50V of bias. c The dynamic plate displacement of the snCMUT
measuring from a laser Doppler vibrometer. The maximum displacement was
measured in the four-piston top plate’s positive (left) and negative (right) direction.
d The maximum peak-to-peak displacement of the four-piston top plate.
e Comparison of the displacement profile of the moving top plate between con-
ventional CMUT and snCMUT. The measured displacement profile is from the red

dashed line in (d). The bias voltage of each CMUT is 48% of the pull-in voltage. Even
though there are variations in themaximumdisplacement of each piston top plate,
the embedded silicon nanocolumn induces parallel motion of the top plate in
CMUT, which causes enhanced average displacement. f Measured acoustic pres-
sure of the snCMUTvia hydrophone as follows a number of operating elements at a
distance of 3.5mm in corn oil. g Impulse response (16.6 ns, 20VPP) and its Fourier
transform of a snCMUT array element under dc bias of 50V measured by hydro-
phone in corn oil. h 39 dB amplified pulse-echo impulse response (16.6 ns, 20 VPP)
and its Fourier transform of a snCMUT array element under DC bias of 50V
reflected on ultrasound gel pad and air interface.
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the four cells was 6.86, 6.84, 3.92, and 5.34 nm/VPP, with a total average
of 5.74 nm/V under 50 V DC bias and 1 VPP AC wave, which was five
times higher than those reported previously. To compare the dis-
placement profiles of the top plate during movement in conventional
CMUTs and snCMUTs, the cross-sectional profile of snCMUTwas used
(Fig. 3e). After normalising the cell dimensions and maximum
displacement, the areas with 70% maximum displacement comprised
31% conventional CMUTs and 63% snCMUTs. Thus, snCMUTs
generated top-platemovement over a broader area, resulting in higher
average displacement efficiency and consequent greater transmission
efficiency.

The maximum output pressure and transmission efficiency of
snCMUT were evaluated using a hydrophone in corn oil. The hydro-
phone with a pre-amplifier and oscilloscope monitored the pressure
field of 3.5mmaway from the snCMUTelementswith aDCbias voltage
of 50 V and a 5VPPACwave at 4.65MHz. Transient pressure amplitudes
of 16.7, 27.5, and 37.5 kPa for 1, 4, and 10 channels, respectively, are
shown in Fig. 3f. The calculated maximum transient pressure at the
surface was 1.51MPa peak-to-peak, achieved with 5-cycle pulses at
4.65MHz and 5 VPP. Approximately five cycles were necessary to
transition from the asymmetric motion of the piston top plate, caused
by the varying spring constants of individual silicon nanocolumns due
to fabrication-related variances, to a symmetric motion influenced by
the weight of the piston top plate (Supplementary Fig. 7). Herein,
snCMUT exhibited a − 3 dB fractional bandwidth (FBW) of 79% at
4.69MHz, which was lower than that of conventional CMUTs due to
silicon nanocolumn fabrication variations and the weight of the piston
top plate (Fig. 3g). However, the −6dB FBWof the frequency spectrum
and the resonance frequency in pulse-echo response slightly narrowed
to 74% at reduced resonance frequency of 4.17MHz due to the
encapsulation layers of parylene-c and PDMS that attributes as an
loading mass in spring-mass-damper system (Fig. 3h). Higher FBW
could be achieved by reducing variations in dimension of silicon
nanocolumns using advanced lithography techniques and optimized
packaging.

Comparative analyses of snCMUTwith commercial lead zirconate
titanate (PZT) probes, conventional CMUT, and enhanced CMUT
(Supplementary Table 3) were conducted. Maximum pressure at the
transducer surface was calculated to mitigate the impact of varying
aperture sizes and focal lengths, accounting for acoustic attenuation
and lens-induced gain. Commercial PZT transducers and conventional
CMUT exhibited transmission efficiencies of 13.4 and 6.30 kPa/V,
respectively22,28. Previous efforts improved CMUT transmission effi-
ciency to 21.5 kPa/V using post-CMUTs22 and 61.2 kPa/V using electro-
depost CMUTs (EP-CMUT)23. Herein, snCMUT achieved a transmission
efficiency of 220 kPa/V, a tenfold increase over post-CMUT and 3.6-
fold over EP-CMUT. The parallel movement of the piston top-plate
facilitated by silicon nanocolumns boosted the efficiency, enhancing
volume displacement and transmission efficiencies with low voltage
requirements. Thus, the proposed ultrasound transducers were pro-
ven to be highly suitable for wearable ultrasound technologies, offer-
ing high performance, low energy consumption, environmental
adaptability, and disposability.

Comparative study on the ultrasound imaging performance of
snCMUT on phantom
Conventional CMUTs directly connected to imaging systems generally
suffer from degraded SNR due to large capacitances in flexible cables
(hundreds of pF)29–31. To mitigate this issue, conventional CMUTs
typically use application-specific integrated circuits (ASICs) placed
close to the CMUT to improve SNR29–31. However, ASICs are expensive
and present a significant challenge in developing wearable and dis-
posable ultrasound patches.

In contrast, snCMUT achieved sufficient SNR through its high
transmission efficiency, eliminating the requirement for ASICs. Thus,

system complexity and cost were reduced, along with lower power
consumption, making snCMUT advantageous for use in wearable and
disposable ultrasound patches. The fabricated disposable snCMUT
patches included a custom-made FPCB directly connected to the
Vantage 256 research ultrasound system, enabling simultaneous non-
invasive monitoring of multiple body locations. The packaged patch
was thin (933 µm,Supplementary Fig. 8) and suitable for attachment to
the human body (Fig. 1f). An in-house imaging code was developed to
reconstruct the acquired images. To correct positional changes of
each element in the wearable ultrasound patch in real-time, a techni-
que from a previously published patent was used to detect relative
positions by measuring capacitance changes between each singulated
CMUT element (Supplementary Fig. 9). Image reconstruction was
performed using a plane-wave compounding algorithm with 57 angles
(Supplementary Fig. 10).

To evaluate the wearable ultrasound imaging capabilities of the
snCMUT patches, a multi-purpose ultrasound phantom (model ATS-
539, CIRS) was used, combiningmonofilament line targets for distance
measurements and tissue-mimicking target structures of varying sizes
and contrasts (Supplementary Fig. 11a). For a comparative illustration
of resolution between the disposable snCMUT patch and a conven-
tional CMUTprobe, images were captured in real-timeup to a depth of
90mm (Fig. 4a, b). The conventional CMUT fabricated via the wafer
bonding method in the same manner as snCMUT but exhibited
insufficient imagingperformance under identical operating conditions
to the snCMUT (Supplementary Fig. 11b). Therefore, the conventional
CMUTwas optimized for imaging by adjusting the DC bias voltage and
AC voltage frequencies, operating at 70V and 30.6 VPP at 6.25MHz,
respectively. The ultrasound images from the conventional CMUT
showed axial-lateral resolution and anechoic targets up to a depth of
40 and 20mm, respectively (Fig. 4c, Supplementary Fig. 11c). The
disposable snCMUT patch operated at a lower voltage compared to
the conventional CMUT (DC bias voltage of 40 V and AC voltage of 8.9
VPP at 4.25MHz). After packaging, the resonant frequency shifted from
4.65 to 4.25MHz due to the damping effect of the PDMS lens covering
the piston top plate. Ultrasound images from the snCMUT patches
demonstrated the ability to resolve axial-lateral resolution targets at
depths of approximately 75mm, even at low voltages (Fig. 4d, e,
Supplementary Fig. 11d). The anechoic target structure was distin-
guishable up to a depth of 30mm.

While analyzing ultrasound image intensity in the axial direction,
the conventional CMUT showed the lowest background noise of
~18mm and failed to distinguish the wire target beyond 40mm. Con-
versely, the disposable snCMUT patch exhibited the lowest back-
ground noise at ~40mm and produced distinguishable images up to
70mm (Fig. 4f). The disposable snCMUT patch achieved notable axial
and lateral resolutions of 0.52 and 0.55mm, respectively, in a 100 µm
nylon monofilament phantom. Both the conventional CMUT probe
and the disposable snCMUT patch demonstrated excellent axial and
lateral resolutions below 1mm compared to the commercial PZT-
based probe. However, due to lower transmission efficiency, the con-
ventional CMUT experienced a blurred image beyond 40mm, while
the snCMUT patch maintained sub-1 mm resolutions up to 70mm
(Fig. 4g, h). Furthermore, the snCMUT patch displayed higher ultra-
sound image contrast than the conventional CMUT probe, attributed
to its superior SNR resulting from higher transmission effi-
ciency (Fig. 4i).

The superior performance of the disposable snCMUT patch was
established by comparing it with previously reported wearable ultra-
sound probes (Supplementary Table 2). Recently published wearable
ultrasound probes have achieved high frequencies and relatively high
axial and lateral resolution in rigid forms, but their thickness exceeds
3mm, limiting their applicability in wearable devices14. Stretchable
ultrasound probes, while relatively thin at 1mm, suffer from poor lat-
eral resolution of 2mm due to wide pitch and kerf4,13. Probes using
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PVDF are highly thin (0.1mm) and flexible, but they require a high
working voltage (95 VPP), trans-impedance amplifiers, and digitized
amplification6. Contrarily, the disposable snCMUT patch is stretchable
(excluding the FPCB) and fully packaged at less than 1mm thickness.

The disposable snCMUT patch achieved very high imaging quality,
with axial and lateral resolutions of less than 0.55mm, even at a very
low working voltage of 8.9 VPP, owing to its high transmission effi-
ciency and no requirements for ASICs to improve SNR.
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Fig. 4 | Ultrasound images of the commercial phantom and their evaluation.
The optical photograph of the conventional CMUT probe (a) and the disposable
snCMUT patch (b) on the top surface of the commercial phantom with ultrasound
gel. The blue and red boxes indicate the visible area of the phantom by conven-
tionalCMUTanddisposable snCMUTpatches, respectively. cB-mode images of the
conventional CMUT probe in the vertical group and anechoic target of the com-
mercial phantom. The conventional CMUT was operated with a DC bias voltage of
70 V, complemented by 30.6 VPP and 6.25MHz of AC wave. B-mode images of the
disposable snCMUT patch in the vertical group and anechoic target (d) and the
axial-lateral resolution array (e) of the commercial phantom. The snCMUT was
operated with a DC bias voltage of 40V, complemented by 8.9 VPP and 4.25MHz of

ACwave. f, Intensity of vertical group targets as a function of the imaging depth of
conventional CMUT and snCMUT. All values are expressed in a.u., which denotes
arbitrary units. Axial (g) and lateral (h) resolutions of the vertical group targets
along the imaging depth compared between PZT-based commercial ultrasound
probe, conventional CMUT, and snCMUT. Data are presented as means ± standard
deviation (n = 4 independent experiments). i Contrast of B-mode images as a
function of the imaging depth of conventional CMUT and snCMUT. Compared to
the conventional CMUT probe, the disposable snCMUT patch offers enhanced
contrast and the ability to image deeper regions, thanks to its high transmission
efficiency. Data are presented as means ± standard deviation (n = 4 independent
experiments). All values are expressed in a.u., which denotes arbitrary units.

Article https://doi.org/10.1038/s41467-025-61903-x

Nature Communications |         (2025) 16:6609 7

www.nature.com/naturecommunications


Real-time imaging and blood pressure waveform monitoring
from carotid artery
After evaluating and optimizing ultrasound images of the disposable
snCMUT patches using a commercial multi-purpose phantom, the
patches were applied to perform real-time monitoring of the carotid
artery in the human neck (Fig. 5a). Cardiovascular diseases, including
heart conditions such as arrhythmia and vascular issues from choles-
terol buildup, can disrupt blood flow in the carotid artery, leading to
strokes32,33. Continuous monitoring of the artery is crucial for pre-
venting such events. Wearable ultrasound patches offer continuous,
non-invasive monitoring of arterial health, providing critical insights
into cardiovascular status33,34. They improve patient compliance by
eliminating the discomfort of traditional methods and enhance med-
ication adherence through real-time feedback. Monitoring both car-
otid arteries is advantageous, as it helps detect asymmetrical arterial
stiffness and localized issues such as atherosclerosis, offering a more
comprehensive assessment of cardiovascular health24,25. Furthermore,
bilateral monitoring is used to identify significant blood pressure dif-
ferences between the arteries, indicating severe conditions such as
stenosis or aortic dissection25. This approach enhances patient safety
and supports better treatment planning and postoperative care, par-
ticularly in high-risk patients and those undergoing carotid artery
surgery.

Two disposable snCMUT patches were conformally placed in
contact on both sides of the necks of 9 healthy volunteers for simul-
taneous monitoring of the left and right carotid arteries (Supplemen-
tary Fig. 12). To locate the carotid artery, the disposable snCMUTpatch
was moved while observing and acquiring B-mode images (Supple-
mentary videos 1 and 2). For the safety of the subjects, the bias voltage
was limited to 30 V. The disposable snCMUT patches were operated
under 24.5 VPP of 4.25MHz pulse. The vertical cross-sections of the
common carotid artery (CCA) on the right (Fig. 5b) and left (Fig. 5c)
sides of the neck were monitored via B-mode ultrasound images. The
enhanced transmission efficiency provided by silicon nanocolumns
allowed for relatively clear ultrasound images compared to previously
reported wearable ultrasound imagers4,8, enabling the distinction of
CCA and the internal jugular vein (JV) and sternocleidomastoidmuscle
(SCM). In the transverse ultrasound images of the carotid artery, the
outer wall of the CCA was relatively clearly identified (Fig. 5d), and
pulsationsweremonitored in real-time. Despite operating at a very low
voltage, the disposable snCMUT patches obtained more precise
ultrasound images than previously reported wearable ultrasound
imagers that required voltage amplification up to 200V by boost
converters with high power consumption. The low operating voltage
was remarkable and required for wearable ultrasound patches.

The blood pressure of the carotid artery acquired from the dis-
posable snCMUT patches attached to the human neck through
M-mode ultrasound imaging allowed continuous monitoring of the
pathophysiological status (Fig. 5e). The contraction and expansion of
the carotid artery were measured through the positional changes of
the anterior and posterior walls, tracking the blood pressure changes
over time. The changes in the distance between carotid artery walls
were converted into blood pressure pulse waves and compared with a
clinical-grade tonometer. The disposable snCMUT patch exhibited
over 96.5% agreement with the clinical-grade tonometer (Fig. 5f, Sup-
plementary Fig. 13), even preventing potential operator-dependent
recording errors using handheld probes, such as vessel squeezing or
misalignment (Supplementary Fig. 14). In healthy volunteers, therewas
little difference in blood pressure readings obtained simultaneously
from both sides of the neck using the disposable snCMUT patches
(Fig. 5g), as healthy individuals typically do not exhibit carotid artery
asymmetry. Continuous monitoring of the carotid arteries in patients
using disposable snCMUT patches can help detect asymmetrical
arterial stiffness and localized conditions such as atherosclerosis,
offering a more comprehensive assessment of cardiovascular health.

For this study, the human carotid artery was continuously monitored
using low-cost, ultra-thin, silicon-based disposable snCMUT, obtaining
detailed blood pressure pulse waveforms, including the maximal
slope, systolic peak, dicrotic notch, and diastolic peak.

In conclusion, developing disposable snCMUT patches marks a
significant advancement in wearable ultrasound technology. The
proposed patches offer a lead-free, flexible, and cost-effective solution
for real-time medical imaging and monitoring. Using semiconductor
fabrication on silicon wafers, snCMUTs present an eco-friendly alter-
native to traditional lead-based piezoelectric materials, significantly
reducing manufacturing costs and making disposable probes a viable
option. By incorporating silicon nanocolumns, the patches deliver
high transmission efficiency and superior image resolution at low
operational voltages, making them ideal for continuously monitoring
critical parameters such as blood pressure and arterial health. Excep-
tional flexibility and thinness make snCMUT patches particularly sui-
ted for wearable applications, while their enhanced imaging
performance and improved SNR have been validated in both phantom
imaging and real-time carotid artery monitoring on both sides of the
neck simultaneously. The innovation offers a promising approach to
non-invasive cardiovascular health monitoring, providing valuable
clinical insightswithminimal discomfort and highdiagnostic accuracy.
Further integration with ASIC-based electronics and wireless modules
could enable fully integrated, stand-alone wearable ultrasound sys-
tems in future developments. Currently, the application of the low-
cost, disposable snCMUT patches across various parts of the human
body is under development to capture real-time three-dimensional
ultrasound images, which is expected to enhance ultrasound imaging
further and deliver crucial clinical insights.

Methods
Ethics approval and participant information
All research involving human participants was conducted in accor-
dance with relevant ethical regulations and approved by the Institu-
tional Review Board of Seoul National University Hospital (IRB No. H-
2007-145-1143). Ten healthy adult volunteers were initially recruited
regardless of sex or gender. Of these, nine participants completed the
study. All participants provided written informed consent prior to
participation. Sex and gender were not considered in the study design,
as the objective was to evaluate the technical performance of the
ultrasound patch, independent of sex-based physiological factors. No
sex- or gender-based subgroup analysis was conducted.

Materials
All chemicals used during the fabrication of CMUT, including acetone,
isopropyl alcohol (IPA), buffered oxide etchant (BOE) 6:1, hydrogen
peroxide, and sulfuric acid, were purchased from Daejung Chemicals,
Inc. (South Korea). Highly doped silicon wafers (p-type, 100) were
purchased from WaferBiz (South Korea). On the other hand, highly
doped SOI wafers (p-type, 100) were purchased from BMIT (South
Korea). In conventional photolithography, two photoresist (PR) types
were used: positive and negative PR. The positive PRs used were AZ
GXR-601 (46 cP) and AZ 10-XT (520 cP) from Merk KGaA (Germany).
The negative PRs, namely DNR-L-300-40 (120 cP) and DNR-L-300-D1
(21.8 cP), were purchased from Dongjin Semichem Co., Ltd. (South
Korea). Aluminium etchant APAL-1 was purchased from Labotech
(South Korea). Polydimethylsiloxane (PDMS; SYLGARD 160) for the
acoustic lens was purchased from Dow Corning (USA).

Fabrication of silicon nanocolumns
Four-inch bare silicon and SOI wafers were used to establish top-down
fabrication of silicon nanocolumns at a single wafer level. The silicon
and SOI wafers underwent a thermal treatment in an 1100 °C furnace,
resulting in the growth of a 200nm silicon dioxide layer. Negative PR
was applied to define silicon columns using conventional
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Fig. 5 | Human carotid artery ultrasound images and monitoring of blood
pressure obtained with prototype disposable ultrasound patches.
a Photograph of attached disposable snCMUT patches onto both sides of the
human neck for real-time ultrasound imaging and blood pressure monitoring of
human carotid arteries. TheB-mode images at the human neck surface alignedwith
vertical cross-sections of the common carotid artery (CCA) on the right (b) and left
(c) side of the neck. The enhanced transmission efficiency provided clear ultra-
sound images, enabling the distinction of not only the CCA but also the internal
jugular vein (JV) and sternocleidomastoid muscle (SCM). d The B-mode image of
left neck side transverse CCA for monitoring carotid artery pulsations from

detecting wall. The applied DC bias voltage was 30 V supplemented by 24.5 VPP of
4.25MHz AC wave for ultrasound imaging via disposable snCMUT patches.
e M-mode image of the pulsation pattern of CCA walls. f The waveforms of blood
pressure derived from carotid vessel diameters of the M-mode image (e) as a
function of time. Physiological parameters from the arterial pulse waveforms,
including the heart rate and blood pressure, were derived. g Systolic blood pres-
sure on the left and right side of the neck of 9 healthy volunteers simultaneously
monitored by two disposable snCMUT patches. Data are presented as means ±
standard deviation (n = 5 independent experiments).
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photolithography. Specifically, DNR-L300-D1 (21.8 cP) was spin-coated
on the wafer. Following a baking step, UV light was exposed to the
substrate using an EVG®6200NTmask aligner (EVGroup, Austria), and
subsequent pre-exposure bake and development (AZ 300 MIF) pro-
cesses were conducted. Furthermore, the silicon dioxide layer was
etchedusingRIE via Plasmalab800Plus (Oxford Instruments, UK).DRIE
was employed to define silicon columns at the micrometre scale using
the Omega® LPX-DSi Etch system (SPTS Technologies Ltd., United
Kingdom). A second round of RIE was applied to the micro-silicon
columns to reduce their size through undercutting via horizontal
etching, which smoothed the scallops from DRIE. Additionally, a sys-
tematic investigation was conducted on the anisotropy of the RIE
process, and the etching conditions were fine-tuned to achieve precise
fabrication of nano-sized silicon columns as springs.

Evaluation ofmechanical characteristics of silicon nanocolumns
To evaluate the top-down fabricated silicon nanocolumns, in-situ
nanomechanical characterizations were performed using a pico-
indenter (Hysitron PI 85 L PicoIndenter; Bruker, Corp., USA), which
was integrated with the imaging capabilities of a scanning electron
microscope (SEM) (Nova Nano SEM 450; FEI, Netherlands), allowing
for simultaneous quantitative nanomechanical testing and imaging. A
10 µm diameter flat tip was employed to apply force to the nano-
columns, facilitating the assessment of their elastic deformation. To
minimize buckling, the flat tip was positioned as perpendicular to the
substrate as possible. For accurate characterization, the silicon nano-
columnswere subjected to repeated compressionby the pico-indenter
across at least 10 individual samples, and the average displacement
was recorded.

Design and fabrication of snCMUT array
To integrate silicon nanocolumns into CMUT as springs, FEA was
conducted using the commercial tool COMSOL Multiphysics (COM-
SOL, Inc., USA). Nine silicon nanocolumnswere arranged in a 3 × 3 grid
within a single cell of the CMUT, and each cellwas designed as a square
with dimensions of 120 × 120 µm. A vacuum gap of 180 nm was
designed for ultrasound generation. A single element in the CMUT
array comprised 40 cells arranged in a 2-row and 20-column config-
uration. A piston structure (stiff block) was positioned above each cell
to prevent the bending of the moving plate. The thickness of the
moving plate was set at 2 µm, and the 64-element CMUT array was
designed with a resonance frequency of 5MHz for ultrasound imaging
of the human carotid artery vessels.

The fabrication involved wafer bonding of two SOI wafers, which
had undergone DRIE and chemical mechanical polishing (CMP) to
ensure precise dimensional control during fabrication. A SOI wafer
with a device layer electrical resistivity of <0.005 ohm-cmwas selected
to establish bottom and top plate electrodes.

Fabrication details are provided in Supplementary Fig. 4. Initially,
a silicon dioxide layer was grown and patterned on the SOI wafer using
conventional photolithography techniques (EVG®6200 NT mask
aligner, EVGroup, Austria). Subsequent oxidation resulted in a vacuum
gapheight of 180 nm.TheCMUTelement and the lateraldimensionsof
the siliconnanocolumnswere defined throughDRIE using theOmega®
LPX-DSi Etch system (SPTS Technologies Ltd., United Kingdom) after
the silicon dioxide layer was etched using RIE via Plasmalab800Plus
(Oxford Instruments, UK). The top-side SOI wafer was roughly aligned
with the processed bottom SOI wafer, and wafer bonding was
accomplished in a high-vacuum environment using the SB8
GEN2 system (Suss Microtec, Germany). The handle layer of the top
SOI wafer was then grounded and polished to obtain 20 µm-thick pis-
ton top plates. A silicon dioxide mask was grown, accurately defining
the piston structures and defining the top plate using DRIE. To
establish electrical contact for the bottom and top plate electrodes,
the layers including the buried oxide (BOX) layer, the device layer of

the top SOI wafer, and the silicon dioxide layer in the bottom SOI
wafer, were sequentially etched. The process culminated with the
deposition and patterning of a 500nm aluminum layer to create
electrical contact pads. Each CMUT element was singulated via front-
side and backside trenches formed by conventional photolithography
and DRIE. The trenches were filled with PDMS to produce flexible and
stretchable snCMUTs. Following fabrication, the processed SOI wafer
was diced via blade dicing to segment the arrays of snCMUTs.

Characterization of snCMUT array
For evaluating the fabricated snCMUT array, SEM examinations were
conducted using the Nova Nano SEM 450 (FEI, Netherlands). To
carefully assess the shape of the silicon nanocolumns within the
snCMUTs, focused ion beam (FIB) cutting was employed using NX
5000 (Hitachi, Japan). This process enabled precise vertical sectioning
of the silicon nanocolumns, facilitating SEM observations to measure
their shapes and dimensions. Additionally, the establishment of the
vacuum gap and bonding of the moving plate were verified.

To delve into the operational characteristics of the fabricated
snCMUTs, an impedance analyser (4294A, Agilent Technologies Inc.,
USA) was used to confirm the phase and amplitude of the electrical
input impedance, thereby assessing the electrical properties. ADCbias
was applied to the snCMUT array via a bias T circuit and a high-voltage
power supply, with a small-signal AC voltage of 100mV superimposed
(Supplementary Fig. 15). Calibration was meticulously conducted to
invalidate potential parasitic influences. To analyze the mechanical
movement of the moving plate of snCMUTs, an LDV integrated with a
microscope (OFV-2570; Polytec GmbH, Germany) was employed
(Supplementary Fig. 16). Measurement of the acoustic pressure gen-
erated by the snCMUT was conducted using a hydrophone (HNR-
0500; Onda Co., USA) coupled with a pre-amplifier (Supplementary
Fig. 17). The hydrophone signals were read out through a digitizing
oscilloscope (Infiniium 54825 A; Agilent Technologies Inc., USA). To
simultaneously apply DC and AC voltages, a bias T circuit was used,
with the DC voltage sourced from a high-voltage power supply (SRS
PS310; Stanford Research System, USA) and the AC voltage with
broadband excitation of 16.6 ns impulse signal (20V) applied through
the AC function generator (Agilent 33500B; Agilent Technologies Inc.,
USA) to snCMUT array for FBW analysis. The input impulse signal
spectrum and the hydrophone sensitivity spectrum normalization
were conducted on the transmitted ultrasound pressure spectrum for
precise analysis of FBW. Similarly, the FBW of the pulse-echo signal
from snCMUT, reflected on ultrasound gel pad (WATER GEL; BLUE-
MTECH, Korea) and air interface, was calculated by acquiring signals
using the oscilloscope.

Packaging and prototyping disposable snCMUT patch
To produce snCMUT for disposable patches, an in-house-designed
FPCB was fabricated and employed. An adhesive was used to demon-
strate the wearable CMUT’s capability for ultrasound imaging to
mount the fabricated snCMUT array. The FPCB was designed to
include connectors for a commercial ultrasound imaging system
(Vantage 256 research ultrasound system; Verasonics Inc., USA). Pre-
tests were conducted using wire-bonding and anisotropic conductive
film (ACF) for the electrical connection between snCMUT and FPCB.
Since no significant differences were observed between the two
methods, both methods were used for packaging. After electrical
connections, 100 nm of parylene C was deposited via a parylene
coating system (LAVIDA 110; FemtoScience, South Korea). The entire
assembly was encapsulated with a PDMS lens for insulation and
ultrasound focusing.

Acoustic characterizationsusing commercial standardphantom
In this study, the conventional CMUT probe selected for comparison
with snCMUT was fabricated using double oxidation and standard
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wafer bonding process35–37, comprising a 192 channels linear array.
Only 64 channels were operated for acoustic characterizations, the
same as the number of channels in the snCMUT array. Imaging per-
formance evaluation of both conventional CMUT probe and dis-
posable snCMUT patch was conducted using standard ultrasound
imagingphantom(ATS-539, CIRS) for deadzonegroup (2–10mm,with
1mm spacing), vertical group (10–180mm,with 10mmspacing), axial-
lateral resolution array (40, 70, 110, and 160mm,with 4, 3, 2, 1, 0.5, and
0.25mm spacing) and anechoic target structures (10–170mm, with
20mm spacing). Transducers were vertically placed on the surface of
the phantom using ultrasound gel and operated using a commercial
ultrasound imaging system (Vantage 256 system, Verasonics, Inc.) to
scan over the phantom and reconstruct the imaging planes by
employing a plane-wave compounding method, custom-programmed
by MATLAB (MathWorks). Pulse-echo intensity, axial/lateral full width
halfmaximum(FWHM)basedon thepoint spread function (PSF) of the
target, and ultrasound image contrast were analysed from the ultra-
sound images of the phantom targets acquired by both the conven-
tional CMUT probe and disposable snCMUT patch.

Wearable B-mode imaging on the human body
The bio-interface excursions, carotid artery, and blood pressure
waveforms were measured in healthy participants (Supplementary
Fig. 18a). All human tests were approved by the Seoul National Uni-
versity College of Medicine and Seoul National University Hospital,
Institutional Review Board protocol (H-2007-145-1143). The partici-
pants provided their voluntary consent for ultrasonic measurements.

Using the disposable snCMUT patches, real-time B-mode imaging
on the human body was performed on nine healthy participants with
relatively low and stable bias voltage for CMUT (30V) provided by a
commercial DC supply (PS310, Stanford Research Systems) and a
transmitting voltage (24.5 VPP) provided by a commercial multi-
channel controller,whichwaswithin the safe range of intensity defined
by the Food and Drug Administration (<190W/cm2) to ensure the
safety of the subject.

Disposable snCMUT patches were attached to the skin surface
using commercial medical tape (3M Soft Cloth Tape with Liner 2762,
3MCompany),manually aligned to the cross-sectional area of the CCA
through real-time B-mode imaging. To minimize motion artifacts
during measurements, we instructed the participants to maintain a
stable posture throughout the procedure. High-quality images of the
CCAand adjacent JV andSCMwere acquired using disposable snCMUT
patches operated by the commercial multi-channel controller with a
custom-programmed plane-wave compounding reconstruction algo-
rithm. To enable real-time monitoring of both carotid arteries, two
synchronized commercial ultrasound imaging systems (Vantage 64
and Vantage 256, Verasonics, Inc., USA) were utilized. These systems
were programmed usingMATLAB R2022a (MathWorks, Inc., USA) and
interfaced with host PCs via Peripheral Component Interconnect
Express (PCIe). A 30VDC bias voltage, supplied by a DC power supply,
was applied through a bias T to the driving signals for snCMUT patch
operation. The reflected ultrasound signals were received and pro-
cessed within the Vantage systems, enabling real-time bilateral carotid
artery imaging (Supplementary Fig. 18b).

Measurement and validation of blood pressure waveforms on
carotid artery
Based on the real-time B-mode imaging acquired by the disposable
snCMUT patch, a single channel of the patch facing the top surface of
the anterior wall of the CCAwasmanually selected for operation using
M-mode imaging, specifically for measuring the CCA blood vessel
diameter change over time acquired from pulse-echo signals from the
anterior and posterior walls of the CCA. Using the established analy-
tical model based on arterial wall deformation presented by Wang
et al.38, blood vessel diameter information was acquired and filtered to

calculate the blood pressure waveforms (p(t)) of CCA.

p tð Þ=pd � eαðA tð Þ
A dð Þ�1Þ ð2Þ

Here, pd and ps represent diastolic and systolic pressures, respectively,
whichwere calibrated using standard values obtained froma commercial
blood pressure cuff (as described in the Supplementary Information). Ad

is the diastolic arterial cross-sectional area, and the time-dependent
arterial cross-sectional area, A(t), and the rigidity coefficient α is given by:

A tð Þ= πd2 tð Þ
4

,α=
Adln

ps
pd

� �
As � Ad

ð3Þ

To validate the ability of the disposable snCMUT patches to
measure blood pressure waveforms, the commercial pressure sensor-
based blood pressure waveform analyser (DMP−1000 PLUS, DAEYO-
MEDI Co., Ltd., South Korea) was used to acquire blood pressure
waveforms of CCA at the exact position of the same subject in close
succession after the measurement using the disposable snCMUT
patch. Systolic and diastolic blood pressure values from a commercial
blood pressure cuff (JPN616T, OMRON Corporation, Japan) were
additionally provided for calculating actual blood pressure for both
disposable snCMUT patch and commercial pressure sensor.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings and conclusions of this study are
available within the paper and its Supplementary Information files. All
other relevant data are available from the corresponding author upon
request. Source data are provided in this paper. Source data are pro-
vided with this paper.

Code availability
Codes used to post-process the ultrasound data within this paper are
available from the corresponding author upon request.
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