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ABSTRACT The rise of Internet of Things technologies has
promoted the rapid advancement of wearable health mon-
itoring devices. While medical ultrasound technology holds
promise for long-term monitoring to detect critical chronic
diseases, current commercial ultrasound probes often lack the
flexibility, miniaturization, and comfort necessary for medical
wearable devices. To address this gap, we propose a weavable
and wearable polymer ultrasonic transducer comprising a
matching layer, a backing layer, and a piezoelectric layer. This
transducer exhibits a bandwidth of 93%, which is six times that
of transducers made from piezoelectric ceramics, and could
withstand over 10,000 cycles of bending and twisting de-
formations. The transducer successfully monitors blood flow
velocity and measures vessel thickness in the carotid artery
and cardiac vessel, achieving a signal-to-noise ratio compar-
able to that of commercial probes. Its wideband property, with
a bandwidth of 3.68-10.08 MHz, allows for the monitoring of
various tissues through frequency adjustment. Furthermore,
the weavable ultrasonic transducer in fiber form is seamlessly
integrated into breathable textiles for real-time cardiovascular
monitoring without compromising comfort.

Keywords: ultrasonic transducer, flexible, textile, health mon-
itoring

INTRODUCTION

Medical ultrasound is a radiation-free, portable, real-time ima-
ging technology [1-4] used for examining lesions in tissues and
organs [5,6]. For example, ultrasound Doppler technology can
monitor blood flow speed to diagnose cardiovascular diseases
[7-9]. Ultrasonic devices offer the potential for long-term
monitoring to effectively prevent and diagnose diseases [10-12].
The rise of Internet of Things technologies has accelerated the
rapid development of wearable devices, potentially revolutio-
nizing medical electronics [13-15]. However, current rigid bulk
ultrasonic devices are often unsuitable for the inherent
requirements of flexibility, miniaturization, and comfort in
medical wearables [16-19]. There is an urgent need to develop a
new type of ultrasonic device capable of conforming to irregular

and soft human body shapes, maintaining stable performance
under complex deformations, and ensuring breathability for
optimal wearing comfort.

Ultrasonography, a key medical imaging technique with a
history spanning approximately 100 years, traces back to the
discovery of the piezoelectric effect in quartz crystals (Fig. S1)
[20,21]. Piezoelectric ceramics, notably lead zirconate titanate
(PZT), have demonstrated excellent electromechanical coupling
performances [22-26]. Despite these advancements, the inherent
rigidity and bulkiness of traditional ultrasonic devices necessi-
tate the use of liquid or soft coupling gel to conform to varying
human body shapes. Efforts to improve flexibility have been
explored, including the design of island-bridge-structure pie-
zoelectric ceramics on flexible substrates such as polyimide (PI)
or elastomer [10,27-29]. However, these structurally flexible
devices are susceptible to failure under certain complex defor-
mations owing to modulus mismatch and potential interface
separation at the junction where soft and hard segments meet
[17]. Moreover, the thickness (typically larger than 0.2 mm) of
PZT ceramics used in these ultrasonic devices generally limits
their applications under high frequencies. Therefore, intrinsi-
cally flexible ultrasonic devices that can conform well to human
bodies still need to be developed.

Here, we introduce a weavable and wearable polymer ultra-
sonic transducer (PUT) in fiber form, with polyvinylidene
fluoride (PVDEF) as the piezoelectric layer and polyurethane
(PU) and PI as the matching and backing layers. The PUT
exhibits a central frequency of 6.88 MHz and an impressive
bandwidth of 93%, which is six times broader than transducers
based on piezoelectric ceramics. Even after 10,000 cycles of
bending and twisting deformations, the normalized amplitude
and bandwidth remain stable. The wide bandwidth of the PUT
(3.68-10.08 MHz) allows for versatile tissue monitoring through
frequency adjustment, facilitating observation of both superficial
and deep tissues. Flexible Doppler sensors were successfully
developed to monitor blood flow velocity in the carotid artery
and heart, with a signal-to-noise ratio (SNR) comparable to that
of commercial probes. The PUT fiber can be seamlessly woven
into soft and breathable textiles, enabling real-time and wearable
cardiovascular monitoring.
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EXPERIMENTAL SECTION

Fabrication of PUT

The PUT was fabricated using a poled PVDF film (supplied by
ZHIMK Technology (Shenzhen, China) Co., Ltd.) with a
thickness of 110 um as the piezoelectric layer. A 500-nm thick
layer of Ag was deposited on both sides of the PVDF through
magnetic sputtering. Cu wires, of 50 um in thickness, were
affixed to each side of the film using conductive silver paints
(from SPI (West Chester, America) Supplies) as electrodes. The
backing layer was constructed using a 100-um thick PI sheet,
onto which a 1-pm thick layer of Cu was deposited on the back
side as a shielding layer. A 50-um thick layer of PU was applied
as the matching layer. The various layers of the PUT were
adhered together using a 10-pm thick tape. Finally, the PUT was
sealed with waterproof super glue M540 (supplied by Sheng Mei
Electronic Technology (Taizhou, China) Co., Ltd.).

Fabrication of phantom

Agarose, constituting 2.5% of the weight of distilled water heated
to 95°C, was stirred into the solution. Subsequently, the solution
was poured into a mold and allowed to cool at room tempera-
ture for 10 h. The resulting phantom was then shaped according
to specific requirements. PVC powder was introduced into the
water at a weight ratio of 1:100. A variable frequency water

pump and an LZB-25 fluid flowmeter (supplied by Mont
Instrument (Shanghai, China) Co., Ltd.) were employed to
regulate the water flow velocity.

Performance measurements of the PUT

Two PUTs were affixed to a 1-cm thick agarose substrate. A
sinusoidal voltage of 60 Vpp or pulse voltage was applied to the
PUTs using a signal generator (DG4062, RIGOL (Beijing, China)
Co., Ltd.) and a wideband amplifier (ATA-1220D, Aigtek (Xi’an,
China) Co., Ltd.). The received ultrasonic waves were recorded
using an oscilloscope (PicoScope 4824A, Pico Technology
(Wales, UK)) equipped with software (PicoScope). Impedance
spectroscopy was conducted using a vector network analyzer
(Bode 100, Omicron Lab (Salzburg, Austria)). Bending and
twisting tests were performed using a custom-made testing
apparatus. Temperature measurements were taken using an
infrared thermal imager (Optris (Shenzhen, China) PI) in con-
junction with analysis software (Optris PIX Connect). The PZT
and its composites were sourced from Shen Lei Ultrasonic
Instrument (Shaoxing, China) Co., Ltd. and Yi Ying New
Material Technology (Shanghai, China) Co., Ltd., respectively.

Performance simulation of PUT
The pulse-echo performances and impedance/phase spectra
were simulated using PiezoCAD. The model comprised a 50-um

— PI (Backing layer)
-PVDF (Piezoelectric layer)

—PU (Matching layer)

Figure 1 Schematic of the design and working principle of the PUT. (a) Schematic of the fiber PUT woven into textile, illustrating its application scenario.
Transducers located on the left and right sides transmit and receive acoustic signals, respectively. (b) Structure of the PUT, comprising matching layer,
piezoelectric layer, and backing layer. (c) Photograph of a PUT. Photographs of the PUT under (d) bending and (e) twisting conditions. (f) Scanning electron
microscopy (SEM) image of the cross section of the PUT. (g) SEM image of the cross section of the PUT under bending. (h) Enlarged view of the interfaces
between PU and PVDF (above) and PVDF and PI (below). No significant interfacial separation occurred between the layers.
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thick PU layer, a 110-um thick PVDF layer, and a 100-um thick
PI layer.

Blood velocity measurements

PUTSs were positioned on the skin around the neck or near the
heart, and a coupling agent made of polymer gel (supplied by
Cui Mao Instrument (Hangzhou, China) Co., Ltd.) was used to
fill the space between the transducer and the skin. A continuous
wave was transmitted and received by the PUTs. The received
signal was amplified using a charge amplifier (HQA-10M-10T,
FEMTO (Berlin, Germany) Messtechnik GmbH). Signal pro-
cessing was conducted using MATLAB R2021b. A confocal
ultrasonic probe obtained from Olympus was used as the
commercial probe. Experiments on the neck and heart of
humans were conducted according to the regulations of the
Animal and Human Experimentation Committee of Fudan
University. Written informed consent was obtained from a
healthy participant affiliated with Fudan University prior to
participation in the study.

Measurements of the vascular wall

A PUT was affixed to the surface of bovine vessels of varying
thicknesses. The PUT was then connected to an ultrasonic
transmitting and receiving instrument (5900PR, Olympus (UK
& Ireland)).

Signal processing

The received ultrasound signal underwent initial conversion into
a digital signal for processing through an analog-to-digital
converter. To prevent aliasing from other noise components, a

bandpass filter centered around f, + 1 MHz was applied, where fq
represents the original frequency of the ultrasonic wave. Sub-
sequently, the preprocessed signal underwent demodulation to
extract the Doppler frequency shift using in-phase/quadrature
(IQ) demodulation. This involved multiplication by two emis-
sion signals with a 90° phase shift between them. As the resulting
outputs contained high-frequency components approximately
twice the carrier frequency, a subsequent lowpass filter with a
cutoff frequency of f, was employed. The complex signal IQ was
then derived through the combination of the baseband I signal
and Q signal as I + iQ, where i represented the imaginary unit.
The IQ signal facilitated the differentiation of positive and
negative frequency shifts during frequency analysis. Following
demodulation, the IQ signal was downsampled to a sampling
rate of 20,000 Hz to facilitate subsequent time-frequency ana-
lysis. To differentiate signals from blood flows of those origi-
nating from slowly moving muscular tissue and vessel walls [30],
which possessed different frequencies due to varying speeds, a
highpass filter with a cutoff frequency of 300 Hz was applied.
Subsequently, the clutter-filtered IQ signal was subjected to
simultaneous time and frequency domain analysis through the
short-time Fourier transform (STFT) technique. The resulting
spectrum depicts the distribution of frequency components at
different time points, representing the velocity distribution. The
brightness within the spectrum corresponds to the signal
intensity at the respective time and frequency.

RESULTS AND DISCUSSION
The fiber-shaped PUT can be woven into flexible and breathable
ultrasound textiles (Fig. 1a, b). The PUT primarily comprises
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Figure 2 Characterization and optimization of the PUT. (a) Schematic illustrating the principle and process of measuring bandwidth and amplitude of
received echoes. Two PUTs were affixed on both sides of a 1-cm thick agarose sample. (b) Normalized amplitude of received waves with varying materials for
the matching layer and without a matching layer. Results were normalized against the amplitude obtained with a PU matching layer. (c) Normalized amplitude
of received waves with varying thicknesses of PU matching layers. The results were normalized against the amplitude obtained with a 50-pum thickness. (d)
Time-domain signal of the received pulse signals. () Comparison of bandwidths among PVDF, PZT (with a central frequency of 6.25 MHz), and 1-3
composite PZT (with a central frequency of 5.70 MHz). The bandwidth of our transducer was calculated according to the frequencies ranging from 3.68 to
10.08 MHz.
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three functional layers: The matching layer (PU, 50-um thick),
the piezoelectric layer (PVDF, 110-um thick), and the backing
layer (PI, 100-um thick) (Fig. 1b, ¢, f). The PUT, characterized
by flexibility and structural stability, can endure deformations
such as bending and twisting (Fig. 1d, e). In the bending state,
the functional layers maintain close contact with each other
(Fig. 1g, h). The matching layer, composed of PU with an
acoustic impedance of 2.38 MRayl, ensures ultrasound wave
penetration, and its thickness is one-quarter of the ultrasonic
wavelength (Note S1). The backing layer was made of PI with a
high Young’s modulus to enhance the temporal resolution [31].
Furthermore, a 1-um thick copper (Cu) film was applied to the
PI layer surface and grounded to mitigate the impact of elec-
tromagnetic waves. As a result, the SNR increased by over 40 dB
following the application of the Cu film (Fig. S2), indicating
effective electromagnetic wave shielding.

PVDF deposited with Ag electrodes, functioned as the pie-
zoelectric layer responsible for transmitting and receiving
ultrasound waves via the piezoelectric effect. At a central fre-
quency of 6.88 MHz, the PVDF thickness measured as 110 pm.
The electrode connected to the PI layer was designated as the

input/output port, while the electrode linked to the PU layer was
grounded to enhance electromagnetic shielding further
(Note S2). The adhesion layer featured a thickness of 10 um,
approximately one-twentieth of the wavelength (Fig. 1h,
Note S1); thus, its impact on sensitivity and flexibility is negli-
gible.

Two PUTs were positioned on both sides of a 1-cm thick
agarose sample. The ultrasonic transmission and reception
performances were investigated through the application of vol-
tage to one side of the PUTSs and the detection of the voltage on
the other side (Fig. 2a). A single-frequency ultrasound wave of
10 MHz and 10 cycles were employed to optimize the matching
layer (Fig. 2b, c). We assessed the amplitude of the received
ultrasound wave with different matching layers, including PU,
polyethylene, polyethylene terephthalate, PI, and polyvinyl
chloride (Fig. 2b). The PUT without a matching layer was coated
with a layer of unpolarized PVDF to ensure waterproofing. The
results indicated that the matching layer made of PU, with an
acoustic impedance value of 2.38 MRayl, yielded the highest
amplitude (Note S1 and Table S1). The PU layer, with a thick-
ness of 50 um (one-quarter of the 10 MHz ultrasound wave-
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Figure 3  Stability validation of the PUT. (a) Bandwidth measurements when the PUT is attached to the convex surface. (b) Normalized amplitude of the
received ultrasonic wave by PUT attached to convex and concave surfaces with various curvature radii. The results were normalized against the data obtained
when the PUT was attached to a flat surface. (c) Bandwidth measurements before bending and after the PUT was bent for 10,000 cycles. (d) Normalized
amplitude of the received ultrasonic wave before bending and after the PUT was bent for various cycles. The amplitude was normalized against the PUT before
bending. (e) Bandwidth measurements before twisting and after the PUT was twisted for 10,000 cycles. (f) Normalized amplitude of the received ultrasonic
wave before twisting and after the PUT was twisted for various cycles. The amplitude was normalized against the PUT before twisting. (g) Infrared
thermography images of the PUT after continuous 8-h use on the skin. (h) Bandwidth of the PUT before and after 500 min of use. (i) Normalized amplitude of
the received ultrasonic wave during use. The amplitude was normalized against the PUT before use.
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length), served as the matching layer and exhibited the highest
amplitude (Fig. 2c). Its amplitude was 6 dB higher than that of
the PUT without a matching layer. The ideal acoustic impedance
for the PVDF matching layer was 2.44 MRayl [32]. The single-
layer PU had an acoustic impedance of 2.38 MRayl, which
matched well with the acoustic impedance of PVDF [33]. Unless
specified otherwise, the PUT with a 50 um thick PU layer was
utilized in the subsequent study.

To confirm the wideband property of the PUT, we generated a
pulse wave using one of the PUTs and utilized the other to
receive the wave (Fig. 2d). Through Fourier transform analysis,
the central frequency was determined to be 6.88 MHz, and the
bandwidth (at —6 dB) of the PUT was 93%, ranging from 3.68 to
10.88 MHz. This bandwidth was six times wider than that of
transducers made of piezoelectric ceramics (Fig. 2e). Transdu-
cers constructed from PZT and its composites exhibited central
frequencies of 6.25 and 5.70 MHz, respectively, which were
similar to those of our transducers (Table S2). Impedance and
phase angle spectroscopy of the PVDF exhibited similarities
before and after the manufacturing of the PUT (Fig. S3), sug-
gesting stable maintenance of electromechanical properties.
Simulated central frequency and bandwidth were 8.73 MHz and
96% (4.51-12.9 MHz), respectively, aligning closely with
experimental results (Fig. S18), and simulated impedance was
also in close agreement with measured values (Fig. S19).

Stability is crucial when the PUT is applied to the skin, par-

ticularly when it is woven into textiles. The PUT could adapt to
various irregular shapes and maintain consistent bandwidth
(from approximately 4-10 MHz) and amplitude of the received
ultrasonic wave when attached to convex and concave surfaces
with various radius curvatures similar to those observed on a flat
surface (Fig. 3a, b and Fig. S4). The PUT demonstrated its
capability to function effectively on irregular surfaces such as
human skin. Even after undergoing 10,000 bending cycles, the
bandwidth and amplitude of the received ultrasonic wave
remained nearly unchanged (Fig. 3¢, d). Stability under complex
deformations, such as twisting, is crucial for fiber devices in
weaving processes and wearable scenarios. Following 10,000
twisting cycles, the bandwidth and amplitude of the received
ultrasonic wave of the PUT remained stable (Fig. 3e, f). The
fluctuations observed in the frequency response curves during
deformations are attributable to internal stress affecting the
frequency response of PVDEF. Following continuous operation
on the skin for 8 h, the temperature of the PUT did not exceed
40°C (Fig. 3g), while the bandwidth and amplitude of the
received ultrasonic wave remained largely unchanged (Fig. 3h, i).
The temperature gradually increased with excitation voltage
(Fig. S5), yet after continuous operation for 8 h in a 23°C
environment, the PUT’s temperature did not exceed 31°C, with
an increment of less than 10°C (Fig. S6). Interestingly, the
amplitude of the received ultrasonic wave in cold air tempera-
tures (below —10°C) was over three times that in 25°C air
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Figure 4 Performance validation in vitro. (a) Schematic of the phantom featuring an internal channel. PUTs were attached to the surface. (b) Frequency
deviation measurements as flow velocity increased from 250-600 L/h. (c) Frequency deviations at flow velocities of 300, 450, and 600 L/h with PUTs attached
at different angles, demonstrating variation with Doppler angle. Velocities of (d) 300, (e) 450, and (f) 600 L/h, allowing for the acquisition of flow velocity
distribution. (g) Schematic illustration of the narrowing in the phantom. (h) Time-frequency analysis of the frequency deviation during phantom narrowing.
(i) Time-frequency analysis in the case where the PUT was attached to the convex surface of the phantom.
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(Fig. S7). Furthermore, the amplitude of the received ultrasonic
wave decreased with increasing temperature above —10°C. These
findings demonstrate the PUT’s capability to operate effectively
in various environments.

Flow velocities were determined according to the ultrasonic
Doppler effect (Fig. 1a, Note S3). The Doppler device, comprised
of PUTs, emits and receives continuous waves. Continuous wave
Doppler is straightforward to operate, involves simple signal
processing, and lacks a maximum velocity measurement limit
compared to pulse-wave Doppler [34,35]. Erythrocytes, having
the same velocity but different acoustic impedance from blood,
reflect ultrasonic waves.

The PUT was employed to measure flow speed. The PUT was
examined on a blood flow phantom (Fig. 4a) made of agarose
with an internal channel. Blood and erythrocytes were simulated
using water mixed with polyvinyl chloride powder, while flow
velocity was regulated by a pump. Two PUTs were affixed to the
phantom, with one transmitting a continuous wave for the other
to receive. The results of signal processing indicated that fre-
quency deviation was directly proportional to flow velocity
(Fig. 4b, Figs S8, S9). Frequency deviation varied depending on
the angle between the two PUTs (Fig. 4c). This bias occurred
because the flow velocity (abscissa) represented the average
value, while the frequency deviation (ordinate) depicted the peak
value. Owing to fluid viscosity, flow velocity near the channel
wall was lower than that near the center. The utilization of the
STFT process enabled the acquisition of flow velocity distribu-
tion variation over time (Fig. 4d-f).
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Figure 5 Application presentation of the PUT. (a) Photograph showing the PUT woven into the collar of a sweater. (b) Time-frequency analysis of frequency
deviation during measurement of the carotid artery. The transmitted continuous wave has a frequency of 10 MHz, with feature points marked as S1, S2, D, d,
and 1. (c) Time-frequency analysis of frequency deviation measured using a commercial probe. The transmitted continuous wave exhibited a frequency of
5 MHz. (d) Time-domain signal of frequency deviation of the received continuous wave immediately after a running activity. (e) Time-frequency analysis of
frequency deviation immediately after a running activity, showing an increase in both heartbeat frequency and frequency deviation. (f) Time-frequency
analysis of frequency deviation of the cardiac vessel. (g) Echo received by the PUT attached to the vascular wall of a bovine vessel with a thickness of 2.75 mm.
The first echo appears at 5 ps.
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the commercial ultrasound probe tested on the neck (Fig. 5c¢).

The PUT is wearable and capable of monitoring long-term
flow velocity in the carotid artery on the neck. After the
volunteer took a run, the heart rate increased from 60 to 150
beats per minute. Consequently, the blood flow velocity (fre-
quency deviation) noticeably increased, accompanied by changes
in distribution (Fig. 5d, e, and Figs S12, S14). Specifically, flow
velocity during the systolic process exhibited a significant
increase. Subsequently, frequency deviation distribution was
assessed after the volunteer rested for 5 min, resulting in cor-
responding decreases in both heart rate and blood flow velocity
(Figs S12-S14).

The cardiac vessel features a considerably more complex
vascular path than the carotid artery [39]. Additionally,
numerous other vessels adjacent to the cardiac vessel introduce
some signal noise. Moreover, the location beneath the skin is
deeper, leading to greater attenuation of the ultrasonic wave.
Considering the wideband property of PVDF, a 3 MHz ultra-
sonic continuous wave was employed to minimize sound
attenuation in the test. Consequently, although the five feature
points might not be distinctly visible, the systolic and diastolic
periods were identified (Fig. 5f, and Figs S15, S16). The PUT
could monitor different vessels at varying frequencies, owing to
its wideband characteristic. Additionally, owing to its high
temporal resolution, the PUT could measure the thickness of
vascular walls. A pulse wave was transmitted and received by a
PUT attached to the surface of a bovine vessel. The thickness of
the vessel wall can be determined through the calculation of the
time difference between the transmitted and received waves
(Fig. 5g and Fig. S17). This highlights the PUT’s potential in
monitoring vascular wall thickness in implantation scenarios.

CONCLUSIONS

In conclusion, a weavable and wearable PUT with wideband
capabilities was successfully developed through the sandwiching
of a piezoelectric PVDF layer between PU and PI layers. This
polymer-based PUT effectively mitigated module mismatch
between its functional layers and thus could endure cyclic
deformations such as bending and twisting. Moreover, the
device’s intricate design, which incorporated matching and
shielding layers, addressed the issue of PVDF’s weak transmit
performance. Shaped as a fiber, the PUT can be seamlessly
integrated into textiles, offering excellent wearability and
breathability. These features enable noninvasive, long-term, and
continuous monitoring applications. The wideband property of
the PUT allows for versatile applications, ranging from mea-
surements in high-frequency superficial tissues to low-frequency
deep tissues. Blood flow velocity detection and vascular wall
measurements were demonstrated in this study.
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