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ABSTRACT

The performance degradation and even damage of the e-textiles caused by sweat, water, or submersion during all-weather
health monitoring are the main reasons that e-textiles have not been commercialized and routinized so far. Herein, we developed
an amphibious, high-performance, air-permeable, and comfortable all-textile triboelectric sensor for continuous and precise
measurement of epidermal pulse waves during full-day activities. Based on the principle of preparing gas by acid-base
neutralization reaction, a one-piece preparation process of amphibious conductive yarn (ACY) with densely porous structures
is proposed. An innovative three-dimensional (3D) interlocking fabric knitted from ACYs (0.6 mm in diameter) and
polytetrafluoroethylene yarns exhibit high sensitivity (0.433 V-kPa™), wide bandwidth (up to 10 Hz), and stability
(> 30,000 cycles). With these benefits, 98.8% agreement was achieved between wrist pulse waves acquired by the sensor and a
high-precision laser vibrometer. Furthermore, the polytetrafluoroethylene yarn with good compression resilience provides
sufficient mechanical support for the contact separation of the ACYs. Meanwhile, the unique skeletonized design of the 3D
interlocking structure can effectively relieve the water pressure on the sensor surface to obtain stable and accurate pulse waves
(underwater depth of 5 cm). This achievement represents an important step in improving the practicality of e-textiles and early
diagnosis of cardiovascular diseases.
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However, in practical scenarios, textile-based sensors applied to
human surfaces are unavoidably exposed to various humidity
environments, such as rain and sweat, even underwater, which
seriously affects the usability and promotion of e-textiles in daily

1 Introduction

Cardiovascular diseases (CVDs) remain the leading cause of
human death. More than a quarter of the world’s population is

reported to suffer from CVD, contributing to nearly 20 million
deaths per year globally [1, 2]. However, cardiovascular-associated
mortality can be largely prevented through early monitoring and
timely interventions [3]. Pulse waves contain extensive
physiological and pathological information related to the
cardiovascular system, and real-time continuous monitoring of
pulse waves is important for the timely prevention and avoidance
of serious diseases [4-11].

Textile-based wearable devices have shown unique potential in
terms of wearable electronics due to their superior comfort and
long-term wearability [12-18]. Recently, numerous textile-based
sensors have been developed for the continuous monitoring of
human physiological signals with great advances, including
capacitive [19-22], resistive [23-26], and piezoelectric [27-32].

life. Therefore, it is imperative that e-textiles need to maintain
excellent electrical and mechanical properties in both high-
humidity and dry environments. Existing studies usually use
coating, laminating, film stretching, and casting to laminate
waterproof materials on the surface of fabrics/yarns to block water
interference [33]. However, some common waterproof materials,
such as silicone, polyurethane, and polydimethylsiloxane (PDMS),
can restrict the degrees of freedom of the sensor structure,
resulting in a decrease in the sensitivity of the sensor itself and not
facilitating the sensing of weak pressure signal [34]. In addition,
comfortable is also an important indicator for evaluating textile-
based sensors. Materials commonly used to protect e-textiles from
environmental moisture often limit their breathability, making
them highly susceptible to human discomfort during long-term
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wear. Moreover, rigid substrates and thick textures often mean
that these e-textiles do not fully comply with the complex concave
contours of the wrist, which can lead to poor accuracy and
instability of the pulse waves [19]. Although wearing a sensor too
tightly on the wrist can capture stable pulse waves, excessive
pressure can cause changes in the shape of the vessels, and the
resulting obtained pulse waves do not accurately reflect the
physiological conditions of the blood vessels. At present, this is a
common problem with all types of pressure sensors.

Taking advantage of the abundant variety of textiles, an
alternative technological path has been proposed [35]. Based on
the principles of triboelectrification and electrostatic induction,
textile substrates usually do not require additional or excessive
modification processes, which not only reduces time as well as
process costs but also ensures that textile-based sensors are better
able to meet the demand for comfort. In addition, structural
deformations caused by weak pressure need to be sensed only in
terms of the difference in electronegativity between different textile
materials, providing a richer structural design concept for
achieving the accurate measurement of wrist pulse waves [15,
36-40]. Although textile-based triboelectric nanogenerators
(TENGs) are equally susceptible to environmental humidity
remain, the constraints of the waterproof layer on the flexibility of
the sensor structure can be reduced by a reasonable choice of
waterproof materials and preparation methods (Table S1 in the
Electronic Supplementary Material (ESM)) [41-43]. Furthermore,
based on the diversity of fabric structures, designing a reasonable
fabric structure to improve the efficiency of inter-structural
mechanical transfer to overcome the weakening of the
performance by the waterproof material and thus achieve the
purpose of enhancing the response of the sensor to weak pressure
is also a worthwhile path to explore.

In this context, we report an air-permissible, comfortable,
highly sensitive, and waterproof all-textile sensor (WATS) with a
three-dimensional (3D) interlock structure for the accurate real-
time measurement of pulse waves during full-day activities. The
WATS exhibits high sensitivity (0.433 V-kPa™"), a wide working
frequency bandwidth (up to 10 Hz), and stability (> 30,000 cycles).
Based on the principle of gas preparation by acid-base
neutralization reaction, an economical and operable preparation
process is proposed for the one-piece preparation of amphibious
conductive yarn (ACY). The densely distributed porous structure
within the ACY plays a key role in improving the pressure-sensing
ability and sensitivity of the sensor. The wused knitting
polytetrafluoroethylene (PTFE) yarns with good compression
resilience concentrate weak vibrations of the wrist pulse inside the
ACY through the interlock structure, providing sufficient
mechanical support for the contact—separation of its sheath—core
structure. Moreover, the adopted skeletonized interlock structure
further assists WATS in releasing a portion of the underwater
pressure, ensuring the accuracy and stability of WATS in
acquiring the wrist pulse signal underwater. Furthermore, with the
guarantee that the internal flexibility of the interlocking structures
is not compromised, fixing the above structure to the mesh nylon
fabric into an array allows the sensor to maintain a consistent
output over a wide range of curved surfaces at all times. In
practice, the WATS can obtain accurate pulse waves for different
types of wrist surfaces (flat, concave, and convex). The wave of the
wrist pulse measured by this sensor is 98.8%, consistent with the
displacement signal generated by laser vibrometry (displacement
accuracy of 0.5 pm) of the pulse in the same position.

2 Results and discussion

2.1 Fabrication and design

To avoid the impact of the humid environment on sensor
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performance in the sensing process, we have proposed an ACY
based on the triboelectric effect for realizing weak pressure
sensing, as shown in Fig. 1(a). The ACYs adopt the classical
sheath—core structure, with the conductive yarn as the electrode
and triboelectric layer and the silicone layer as the waterproof shell
as well as the triboelectric layer, which induces contact separation
between the silicone layer and the conductive yarn under the
action of external force to realize the force-electric conversion
process. However, due to the fluidity of silicone before curing, the
silicone on the surface of conductive yarn penetrates the yarn gap,
resulting in too small a gap between the two triboelectric layers to
ensure the contact-separation process. In this regard, we have
attempted to ensure an effective contact separation space between
the silicone waterproof layer and the conductive yarn by
introducing a multi-porous structure between the two, and have
proposed a new preparation method to realize the one-piece
formation of ACYs with a multi-porous structure. The realization
of this method is based on the acid-base neutralization reaction of
H* in weak acids with HCO;™ in NaHCO; to produce CO, gas,
which forms finely porous structures in the silicone. As the
silicone solidifies, fine porous etched structures are left and formed
on the inner surface and inside of the silicone layer, respectively.
The electron micrograph of the porous etched structure inside the
silicone is shown in the inset of Fig. 1(b). Compared to
conventional silicone elastomers, silicone with a multi-pore
structure has better resilience, resulting in greater pressure sensing
ability. The electron micrograph in Fig. 1(b) shows the cross-
section of ACY with a similarly dense pore structure between the
conductive yarn and the silicone layer. Based on the triboelectric
effect, the multi-pore structure between the silicone layer and the
conductive yarn further provides a larger contact area for the
sensing process, which plays a key role in improving sensor
sensitivity. This is important for the triboelectrification and
electrostatic induction that can be generated by friction between
materials inside the ACY alone. Moreover, the thickness of the
silicone layer on the surface of the ACY is very thin, only 0.1 mm,
which means its flexibility is not significantly different from that of
the original conductive yarn (Fig. 1(c)). Notably, the economic
and operational advantages of this one-piece waterproof yarn
preparation method facilitate its further mass production and
processing, and the described method of preparing porous
structures has general applicability in the preparation of structural
yarns of the same type.

To enhance the response of the sensor to subtle pressure
signals, enabling it to be more effectively applied in the acquisition
of human pulse waves, we designed a 3D interlocking structure as
follows: Mesh nylon fabric serves as the base, and the ACY and
PTFE yarn are sewn into each side of the mesh nylon fabric using
a chain-lock stitch method, presenting the interlocking structure
of two yarns on the surface of the mesh nylon yarn, as illustrated
in Fig. 1(d). Moreover, the diameter of the ACY (0.6 mm) is larger
than that of the PTFE yarn (0.4 mm) (Fig. SI in the ESM). When
the two yarns are knitted together with the same size of interlock
stitch, the coils of the PTFE yarn are surrounded by the coils of the
ACY, and there is a gap between the coils of the two yarns (Fig. S2
in the ESM), thus increasing the degree of freedom between the
structures of the coils and providing higher sensitivity under
dynamic pressure. The nylon mesh fabric, with its flexible
structure and light texture, is used as the base and skeleton
supporting the sensor structure. As shown in Fig. S3 in the ESM, a
piece of nylon mesh fabric with a thickness of 40 nm has a size of
1 mm x 1 mm for each mesh. Its mesh structure not only
increases the flexibility of the sensor but also provides a larger
sensing area between the two yarns. Furthermore, the interlocking
structures are arranged on the nylon mesh fabric in horizontal
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Figure 1 Fabrication and structure of the amphibious all-textile sensor. (a) Schematic illustration of the one-piece preparation process of the ACY with porous
structure. (b) Electron micrograph of the cross-section of the ACY (scale bar, 100 um). The inset shows the porous etched structure on the surface of silicone after the
neutralization reaction of CH;COOH solution with NaHCO;-doped silicone to produce CO, (scale bar, 50 pm). (c) Photograph of the ACY and original conductive
yarn. (d) Schematic illustration of the 3D interlocking structure of the WATS. (e) 3D interlocking structures arranged in an array on the nylon mesh fabric. (f)

Photograph of the WATS in various degrees of bending.

arrays with each column independent of the others, which further
enhances the flexibility of the overall structure of the sensor, as
shown in Fig. 1(e). As a result, the WATS knitted from this ACY
has the merits of being thin (1.36 mm) and lightweight (0.153 g at
2.0 cm x 2.0 cm) (Fig. $4 in the ESM). Its flexible structure also
allows it to adapt to various deformations, as shown in Fig. 1(f).

2.2 Structure and working mechanism

To facilitate the analysis of the working principle of WATS, we
took the example of the mechanical relationship between the units
of an interlocking structure. The interlocking structure is formed
by two yarns crossing each other and interweaving separately as
they pass through opposite sides of the fabric (Fig. 2(a)). Except
for the interlocking knot, the rest of the interlocking structure is in
a relatively loose and highly free state. Therefore, the structure
does not rely on additional external pressure and only needs to
gently cover the wrist (Fig.2(b)), and the force caused by the
human pulse can cause contact separation between the two
independent parts of the interlocking structure, as shown in Fig.
2(c). The process of contact between the PTFE yarn and ACY is
also the process for force transfer. To improve the perception of
the ACY for weak pressure, we carried out an acid-base
neutralization reaction in the ACY to prepare a porous structure
and performed finite element analysis (FEA) for the compression
of conventional silicone elastomer and multi-porous silicone
elastomer under the same external force using COMSOL software.

Figure 2(d) shows that the silicone elastomer with a multi-porous
structure (7.46 mm) has a larger deformation displacement under
the same pressure compared with the conventional silicone
elastomer (5.23 mm), which indicates that the silicone elastomer
with a multi-porous structure can sense the pressure change more
sensitively.

Furthermore, in the interlocking structure, the force between
the PTFE and ACY is transferred via point-to-point contact.
Combined with the good compression resilience of PTEE, the
point-to-point contact further contributes to stress concentration,
which enables the transfer of the force caused by the human pulse
to the ACY. As shown in Fig.2(e), the point-to-point contact
between two yarns includes but is not limited to the following
three types: (1) internal cross-contact, (2) synclastic contact, and
(3) tangential contact. To intuitively understand the stress
distribution in response to external force stimulus, we performed
FEA under different external forces using COMSOL software, as
respectively shown in Fig. 2(f) and Fig. S5 in the ESM. When the
displacement of the PTFE yarn moving upward increased from
only 0.3 to 0.7 mm, the stress at the contact point between the
PTFE yarn and the ACY gradually increased from 0.4 to 2.3 kPa.
Moreover, the contact modes of the two yarns at the contact
points coincide with the three modes mentioned in Fig. 2(e),
which further indicates that the PTFE yarn has an important role
in force transfer and stress concentration.

The ultimate goal of the concentrated stress is to achieve the
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a) Schematic illustration of the 3D interlocking structure of the WATS. (b) and (c) The

working mechanism of the 3D interlocking structure in vibrations of the human pulse. (d) COMSOL was used to simulate the deformation displacement of
conventional silicone elastomer and multi-porous silicone elastomer under the same applied pressure. (¢) Contact manners between the PTFE yarn and the ACY in a
coil: (1) internal cross-contact, (2) synclastic contact, and (3) tangential contact. (f) COMSOL was used to simulate the distribution of the 3D interlocking structure
deformation under an applied pressure of 2.3 kPa. (g) COMSOL was used to simulate the distribution of the internal deformation of the ACY. (h) COMSOL was used
to simulate the electrical potential distribution within the sensor under external pressure.

internal deformation of the ACY. The conductive yarn inside the
ACY shown in Fig. 1(c) is in a loose and free state. There are also
many gaps between the conductive yarn and silicone layer, and
this structural feature makes the ACY more susceptible to
deformation. To intuitively understand the stress distribution in
response to external force stimulus, we performed FEA for the
ACY containing three different diameters of single conductive
yarns under different external forces using COMSOL software, as
respectively shown in Fig. 2(g) and Fig. S6 in the ESM. As the
displacement of the PTFE yarn moving upward increased from
only 0.025 to 0.035 mm, the stress between the conductive yarns
inside the ACY increased significantly, indicating that the internal
structure of the ACY is capable of promoting considerable stress
with very small displacement changes. Moreover, the smaller the
diameter of the conductive yarn, the more evenly distributed the
stress is among the conductive yarns inside the ACY, which is also
more conducive to the deformation of the ACY inside. Therefore,
the interlocking structure and the internal structural parameters of
the ACY are of great importance for the sensor to be able to
sensitively respond to the weak forces caused by the vibration of
the human pulse.

The pulse pressure-induced periodical contact area change
between the two yarns generates electrical signals through the
combined effects of triboelectrification and electrostatic induction.
The process of contact electrification can be effectively described
by an electron cloud/potential model between silicone and Ag
triboelectric layers, as shown in Fig. S7 in the ESM. When two
atoms belonging to two different materials come into contact,
induced by external periodical pulse pressure, the electron clouds
overlap, and electrons transit from the Ag to the silicone.
Accordingly, the electrical output of the textile triboelectric sensor

is due to the electrostatic induction with a contact-separation
operation model (Fig. S8 in the ESM). COMSOL simulation was
employed to better visualize these distributions of surface charge
potential, as shown in Fig. 2(h) and Fig. S9 in the ESM.

2.3 Electrical characterization of the WATS

A customized testing system was constructed to quantitatively
characterize the output performance of the sensor (Fig. S10 in the
ESM). To verify the effect of the PTFE knitting structure on the
sensor performance, the relationship between the applied pressure
and electrical output at a constant frequency of 1 Hz was obtained
separately for sensors with and without the PTFE knitting
structure (Fig. S11 in the ESM). When the applied pressure is
between 0 and 0.25 kPa, the pressure sensitivity of the WATS with
the PTFE knitting structure was almost six times higher than that
of the sensor without the PTFE knitting structure. As the applied
pressure increased to 1.5 kPa, the maximum output of the sensor
without the PTFE knitting structure was only 0.086 V, while the
output of the WATS with the PTFE knitting structure reached
0.363 V. In addition, by comparing the output waveform details of
the two structures when receiving a constant pressure of 0.05, 0.5,
and 1.0 kPa, respectively, it can be seen that the output waveforms
of the WATS with the PTFE knitting structure remained
consistent in both output amplitude and detail. However, the
sensor without the PTFE knitting structure performed much less
well in this regard, as shown in Fig. 3(a). The main reason for this
difference is that the silicone on the surface of the ACY is elastic,
and its knitting structure is loose, resulting in poor signal stability.
The PTEE knitting structure can play an effective role in
supporting the ACY structure, resulting in greater deformation of
the waterproof yarn through stress concentration, leading to high
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Figure 3 Electrical and mechanical characterization of the WATS. (a) Output voltage of WATS with and without the PTFE knitting structure under applied pressures
0f 0.05, 0.5, and 1 kPa, respectively. (b) Effect of the spacing x (0, 0.5, and 1.0 mm) of the array structure on the output voltage of the WATS under an applied pressure
of 0.5 kPa. (c) Output voltage of the sensor at three bending radiuses (20, 30, and 40 mm). (d) Output voltage and current changes in the sensor under an applied
pressure of 1 kPa with frequencies from 1 to 10 Hz. (e) Output voltage of the WATS under 30,000 pressing/releasing cycles. (f) Output voltage of the WATS after
30,000 stretching/releasing cycles. (g) Output voltage of the WATS on three morphological surfaces. (h) The effect of underwater immersion time on the output voltage

of the WATS.

sensitivity. This is consistent with the simulation results shown in
Fig. 2(f).

Typically, there is a prominent bone on the palm side, and the
arterial blood vessels lie between the bone and the skin. Due to
individual differences in the human body, the shape of bone and
the thickness of fat directly affect the shapes of the arterial blood
vessels in the wrist epidermis. The differences in human body
wrist morphology comprise three categories—flat form, concave
form, or convex form—as shown in Fig. S12 in the ESM. A lack of
flatness of the wrist surface usually results in a gap between the
sensor and the skin, which can affect the quality of the acquired
signal or even mean that the sensor may fail to detect the human
pulse. As a result, the 3D interlocking structures are arranged in
horizontal arrays to ensure that the WATS can be used with a
variety of wrist surface shapes to detect a high-quality pulse wave.
There is a certain interval, x, between each column, which further
ensures that each column can present a wide range of angles 0
between the interlocking structure to accommodate the various
radians of the wrist surface. We tested the voltage output of the
sensors with different array intervals of x (0, 0.5, and 1.0 mm) on a
surface with a curvature radius of 20 mm. Figure 3(b) and Fig. S13
in the ESM illustrate that the three intervals of x have little effect
on their output. This may be due to the independent structure of
the columns, which already provide the WATS with good
flexibility.

To investigate the output performance of the WATS at different
curvature radians, the sensor was placed on the surface with
curvature radians of 20, 30, and 40 mm to obtain the relationship
between the applied pressure and electrical output at a constant
frequency of 1 Hz. The output voltage of the sensor had a
consistent growth trend under different radiuses of curvature, as

shown in Fig. 3(c) and Fig.S14 in the ESM. The curves for the
voltage in response to the applied pressure exhibited two linear
regions due to the different contact-separation area changes at
different pressures—a quick increase in the low-pressure range
and a slow increase in the high-pressure range. The sensitivity was
0.433 V-kPa™ when the pressure was below 0.25 kPa. In the high-
pressure range (> 0.25 kPa), the sensor exhibited a lower voltage
sensitivity of 0.34 V-kPa”, attributed to the saturation of the
effective contact-separation area.

Additionally, we examined the frequency response
characteristics of the WATS. The results presented in Fig. 3(d)
show that the sensor is capable of operating effectively within a
range of 1 to 10 Hz under a constant pressure of 1 kPa, which
adequately meets the need of physiological monitoring and
diagnostic purposes. To ensure that the performance of the sensor
does not deteriorate over a long period of continuous operation,
we also tested the repeatability of the WATS for compression in
the vertical direction and stretch in the horizontal direction, as
shown in Figs. 3(e) and 3(f). Under the fixed applied pressure of 1
kPa, the output voltage showed no obvious discrepancy after more
than 30,000 pressing cycles; the output performance also showed
no significant change after more than 30,000 tensile cycles at a
stretching force of 0.5 N. The results demonstrated excellent
mechanical robustness for practical applications.

Considering the more complex wrist surface morphology that
the WATS may encounter in practical scenarios, we further
compared the output performance of the sensors on different
types of curved surfaces. The three morphological surfaces, as
shown in Fig. 3(g), and the experimental results indicated that the
WATS maintained a stable electric output under various bending
conditions. Furthermore, the chemical and physical properties of
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the silicone itself were stable, so the output performance of the
WATS remained relatively stable even after being fully immersed
in water for more than 8 h, as shown in Fig. 3(h) and Fig. S15 in
the ESM. When the sensor is immersed in water for more than
20 h, the ACY becomes soft, resulting in significantly decreased
sensitivity of the sensor in the pressure range of 0-0.25 kPa. As
soon as the sensor is completely dry, its sensitivity can be restored
to the initial state. Based on the above performance advantages, we
have attempted to apply the WATS to more complex practical
scenarios for measuring human pulse waves.

24 Pulse wave monitoring and analysis

The systematic characterization of both the electrical and
mechanical properties of the sensor showed that it can flexibly
adapt to the complex human surface and offers significant
advantages in obtaining the accuracy of human pulse wave shapes
and monitoring waveform stability in real-time. To better verify
the sensing performance of the sensor for pulse wave acquisition
on a variety of wrist surfaces, we combined the WATS with a
comfortable and adjustable strap. This not only allows for a
comfortable fit but also ensures that the sensor better fits the wrist
shape. Figures 4(a;)-4(c;) show morphological diagrams of
different wrist surfaces (flat wrist, concave wrist, and convex wrist
all from healthy individuals), and the three characteristic points
are all accurately captured (Figs. 4(a;)-4(c,)), including the peak of
the advancing waves (P,), the peak of the reflected waveforms (P,),

Nano Res.

and the peak of the dicrotic waveforms (P;) (Videos ESM1, ESM2,
and ESM3). In addition, pulse waves can be converted to signals in
the frequency domain by a fast Fourier transform, and the
information contained in frequency domain signals can also
reflect cardiovascular health status. The fundamental band in the
spectrum represents the frequency of the heartbeat, which
matches well with the heart rate gained from pulse waves in the
time domain, as well as the more harmonic peaks and less noise,
which help to define the health status of the cardiovascular system.
As shown in the insets of Figs. 4(a;)-4(c,), several harmonic
components were visible in the range of 0-10 Hz, indicating that
the sensor can obtain the same good quality pulse wave on the
wrist surface with different radians.

To ensure the accuracy of our WATS for the real-time
measurement of human pulse, we measured the pulse waves at the
same wrist pulse location using a laser vibrometer (OFV505/5000)
with a displacement accuracy of 0.5 pm and the WATS, as shown
in Fig.4(d) and Fig.S16 in the ESM (Video ESM4). The
consistency between the two sets of pulse waves was calculated at
98.8% (Fig. 4(e)). This indicated that our WATS has a high degree
of accuracy.

Meanwhile, a commercial medical instrument (MHM-6000B)
and the WATS were simultaneously utilized to measure pulse
waves, as shown in Fig. 4(f) (Video ESM5). The photoelectric
sensor probe of the commercial medical instrument was worn on
the right index finger; the sensor was comfortably worn on the left
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Figure4 Pulse monitoring and analysis. (a,)-(c;) Schematic illustration of the three different forms of wrist types (flat, concave, and convex). (a,)-(c,) Analysis of
pulse wave and frequency domain signals corresponding to three wrist types (flat, concave, and convex). (d) Measurement of the wrist pulse wave using a laser
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wrist. The results from the two measurements showed that the
characteristic points in the fingertip pulse wave and wrist pulse
wave were consistent, indicating that the sensor can measure the
wrist pulse wave as accurately as the commercial instrument.
Moreover, owing to the good sensitivity and large linear detection
range of the sensor in a large pressure range, the pulse waves
showed good stability in the dynamic monitoring upon wrist
bending or moving; the corresponding pulse waves are presented
in Fig. 4(g) (Video ESM6).

Based on the soft and flexible characteristics of the textile itself,
its structure is usually subjected to different degrees of
deformation by force pull and torsion, which can lead to the
decline of the waveform mass obtained. To justify that the
structure of the WATS can maintain long-term stability in pulse
wave extraction, the acquired pulse waves after 5000 and 10,000
twisting cycles were also measured, respectively, as shown in Fig.
S17 in the ESM. The shapes and characteristics of the pulse waves
were almost consistent with the waveforms collected by the sensor
in the initial state.

The universal applicability to different individuals is essential
for the further promotion of the WATS; thus, we measured the
wrist pulse waves of three participants (a 27-year-old healthy
female, a 49-year-old healthy female, and an 83-year-old female
who had arteriosclerosis), as shown in Fig. 4(h). The characteristic
points of the pulse wave were successfully captured for all
individuals. Since the oldest individual with atherosclerosis had
poor arterial compliance, the pulse wave was spread through the
arteries at a higher velocity, and the arrival time of the reflection
waveform P, was advanced, as shown in the inset in Fig. 4(h).

We further obtained the pulse waves at the neck with greater
surface curvature. As shown in Fig.S18 in the ESM, as the
vibration of the human pulse at the neck is more intense, the
characteristic points in the pulse wave are more obvious (Video
ESM?7). In terms of practical application, the WATS can be sewn
into position in the collar of daily clothing to ensure the real-time
monitoring of pulse waves. Then, we simultaneously collected two
pulse waves at the neck and wrist positions of a participant (a
24-year-old healthy male). As shown in Fig. S19 in the ESM, the
time difference between the peaks of the advancing wave (P)) of
the two pulse waves is the pulse transit time. We can calculate the
pulse wave velocity (PWV) according to the equation. PWV =
795 cm-s™, which is the characteristic value expected of a healthy
adult.

2.5 WATS for measuring pulse waves underwater

Continuous lifelog data is imperative for identifying disease
progression. WATSs in this paper provide important human
physiological parameters for when a person is relaxing, exercising,
swimming, bathing, and doing other activities throughout the day
(Fig. 5(a)). These health data can be further uploaded to the cloud
for big data analysis, and the treating doctor can simply download
the data to make a timely diagnosis of the condition. To
demonstrate the waterproofness of our WATS more adequately,
we simulated a variety of life scenarios in our experiment.

First, to simulate the accidental wetting of the WATS surface by
water, a sprayer was used to spray water onto the surface of the
WATS on the wrist, and the wrist pulse wave was simultaneously
acquired (Video ESM8). As shown in Fig. 5(b), the surface of the
WATS is already covered in water droplets, and water droplets
have even soaked the skin through the sensor. Comparing pulse
waves collected before and after the sensor was sprayed with
water, it can be seen that the water has little effect on the
waveform amplitude, but the difference in waveform detail is not
significant, as shown in Fig. 5(c) and Fig. S20 in the ESM. When
the water was wiped off the surface of the sensor with a paper
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towel, the WATS was still relatively wet, but the output of the
pulse wave was similar to that of the dry state.

Furthermore, we placed the WATS on the wrist while
completely underwater to simulate the environment during
bathing and swimming and to capture the pulse waves from the
wrist (Figs. 5(d) and 5(e), and Video ESM9). In the experiment,
we extended the wrist with WATS from its position in dry air into
the underwater environment at a depth of 5 cm, continued to be
immersed in water for a period of time and then moved to air; the
pulse waves acquired continuously during this process are shown
in Fig. 5(f). Due to the influence of underwater pressure and noise,
when the WATS is deep underwater, the amplitude of the pulse
wave is significantly reduced, and the overall waveform appears to
fluctuate slightly. As the WATS was taken out of the water, the
waveform amplitude was significantly improved and the overall
waveform fluctuation was reduced, although the WATS was still
wet. Then, by amplifying the pulse wave collected by the WATS in
the above three states (Fig. 5(g)), it can be seen that the details of
their time-domain signal waveforms differed; however, the time
intervals between the characteristic points (P, P, and Ps)
remained consistent. In particular, the skeletonization
characteristics exhibited by the 3D Interlocking structure allow the
WATS to mitigate some of the effects of water pressure, while the
PTFE knitted structure with compressive resilience transmits the
weak pulse pressure into the ACY, ensuring the accuracy of the
collected pulse waveform. Moreover, the fundamental band and
multiple harmonic components within 0-10 Hz could be clearly
distinguished from their frequency domain signals (Fig. 5(h)).
This indicates that the WATS can obtain the same high-quality
pulse waves in both dry and underwater environments.

Finally, the pulse waves were obtained before and after a long
period of vigorous human exercise. As a large amount of sweat is
generated on the surface of the skin after strenuous exercise, the
sweat also adheres to the knitted structure of the sensor, and the
composition of the sweat may have some effect on the waterproof
layer. Figure S21 in the ESM presents the waveforms measured at
three states (normal, immediately after 30 min of jogging, and 30
min after cooling down). The details of the waveforms are shown
in Fig. S22 in the ESM. Although the sensor was drenched in
sweat after strenuous exercise, the amplitude of the pulse wave
measured just after exercise was not greatly affected. Benefiting
from the excellent breathability of the knitting structure of the
WATS, the sweat on the surface of the wrist is evaporated through
the knitting structure without significantly affecting the quality of
the pulse wave; its amplitude and contour gradually returned to
the initial state with increasing rest time.

3 Conclusions

In this work, we present a waterproof all-textile 3D structured
sensor for continuously accurate measurement of epidermal pulse
waves. Based on the principle of preparing gas by acid-base
neutralization reaction, a one-piece preparation process of ACYs
with densely porous structures is proposed, and the dense porous
structure in ACY plays a key role in improving the pressure
sensing capability of the sensor. The special ACY with TENG as
the mechanism utilizes the abundant voids between the
waterproof layer and its internal conductive yarn to provide the
contact separation motion required to achieve force-electric
conversion. The PTFE yarn with good compression resilience
concentrates the external force on the ACY in the interlocking
structure, making it more sensitive to the weak vibrations of the
human pulse. Given these features, we obtained accurate and
stable human wrist pulse waves using WATS both in underwater
environments (underwater depth of 5 cm) and in sweat. With
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Figure5 WATS for measuring pulse waves underwater. (a) WATS operates during full-day activities such as relaxing, exercising, swimming, and showering. The
personal health data can be uploaded into the cloud, and doctors can download this data to make a preliminary diagnosis. (b) Photograph showing water droplets on
the surface of the WATS and water droplets soaking the skin through the sensor. (c) Comparing the waveforms of the pulse signal collected before and after the WATS
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and after exiting water using WATS.

excellent sensitivity (0.433 V-kPa™), wider working frequency
bandwidth (up to 10 Hz), and stability (> 30,000 cycles), the pulse
waves obtained by our WATS and laser vibrometer (displacement
precision of 0.5 pm) were 98.8% consistent. Furthermore, the
interlocking structure with high flexibility is independently fixed
to the ultra-thin nylon mesh yarn in the form of an array so that it
can show compatibility and comfort on complex curved wrist
surfaces (flat, concave, and convex), even in dynamic flexion. This
work presents an amphibious e-textile for improving their utility
in daily life and making them useful for the early prevention and
diagnosis of cardiovascular diseases.

4 Materials

Absolute CH;COOH (99.5%) was purchased from Macklin Ltd.
Absolute NaHCO; (AR) was supplied by Sinopharm Chemical
Reagent Co., Ltd. Silicone rubber and curing agent were
purchased from Macklin Ltd. (mixed at the weight ratio of 100:4),
and the mixture was then degassed in a vacuum for 20 min. All
chemicals were used directly without further purification.

5 Experimental
5.1 Fabrication of conductive yarn

The sliver-coated nylon yarn was made of nylon yarn with a
diameter of 0.4 mm as the base. Under the protection of nitrogen,

silver was coated on the surface of nylon yarn by an anion plating
method, and then it was washed and dried.

5.2 One-piece preparation of amphibious yarn with
porous structure

Firstly, the sliver-coated nylon conductive yarn was soaked in
CH;COOH solution with a concentration of 1.5%, and the
silicone uniformly doped with NaHCO; powder was wrapped
evenly on the surface of the conductive yarn through a self-
designed device. Next, as the conductive yarn extended downward
in the vertical direction, the NaHCO; in the silicone came into
contact with the CH;COOH on the surface of the conductive
yarn, and an acid-base neutralization reaction occurred at the
contact interface between the conductive yarn and silicone,
producing CO, gas. Finally, under the action of the curing agent,
silicone gradually solidified and the CO, suspended in silicone was
stabilized, thus forming a fine pore structure.

5.3 Experimental setup for pressure and electrical
characterization

A function generator (Stanford DS345) and an amplifier
(LabworkPa-13) were employed to provide a sinusoidal pressure
signal. A dual-range force sensor (Vernier Software & Technology,
LLC.) was employed to measure the external pressure applied to
the WATS. A Keithley system electrometer (Keithley 6514) was
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utilized to monitor and record the output voltage and current of
the WATS.

6 Use of the WATS

The measurements using WATS were performed with the consent
of all volunteers who participated in the study. The WATS used in
measurements will not have any bad effects on the volunteers.
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