
www.manaraa.com

All-nanofiber–based, ultrasensitive, gas-permeable
mechanoacoustic sensors for continuous long-term
heart monitoring
Md Osman Goni Nayeema

, Sunghoon Leea, Hanbit Jina, Naoji Matsuhisaa, Hiroaki Jinnoa,b, Akihito Miyamotoa,
Tomoyuki Yokotaa, and Takao Someyaa,b,c,1

aDepartment of Electrical Engineering and Information Systems, School of Engineering, The University of Tokyo, 113-8656 Bunkyo-ku, Tokyo, Japan;
bCenter for Emergent Matter Science, RIKEN, 351-0198 Wako, Saitama, Japan; and cThin-Film Device Laboratory, RIKEN, 351-0198 Wako, Saitama, Japan

Edited by John A. Rogers, Northwestern University, Evanston, IL, and approved February 24, 2020 (received for review November 27, 2019)

The prolonged and continuous monitoring of mechanoacoustic
heart signals is essential for the early diagnosis of cardiovascular
diseases. These bodily acoustics have low intensity and low fre-
quency, and measuring them continuously for long periods requires
ultrasensitive, lightweight, gas-permeable mechanoacoustic sensors.
Here, we present an all-nanofiber mechanoacoustic sensor, which
exhibits a sensitivity as high as 10,050.6 mV Pa−1 in the low-
frequency region (<500 Hz). The high sensitivity is achieved by the
use of durable and ultrathin (2.5 μm) nanofiber electrode layers en-
abling a large vibration of the sensor during the application of sound
waves. The sensor is ultralightweight, and the overall weight is as
small as 5 mg or less. The devices are mechanically robust against
bending, and show no degradation in performance even after 1,000-
cycle bending. Finally, we demonstrate a continuous long-term (10 h)
measurement of heart signals with a signal-to-noise ratio as high as
40.9 decibels (dB).

wearable electronics | biomedical devices | mechanoacoustic sensor |
gas-permeable sensors

Enhancements of acoustic sensor sensitivities have extended
their applications into the fields of communications, security,

and healthcare/medicine (1–8). The recent emergence of wear-
able electronics has provided a strong motivation to further in-
crease the sensitivity of acoustic sensors, particularly in the low-
frequency regime, so as to enable the monitoring of low-intensity
body acoustics normally beyond the audible range (1, 9). The
frequency of heart signals is mainly concentrated in the 10–250-
Hz band. Moreover, in the case of an impaired heart, the change
in blood-flow velocity caused by myocardial contraction force
variations, or by the incomplete closure of the valve mouth, re-
sult in tiny changes in the frequency and amplitude of the heart
diastolic function (10, 11). Accurate monitoring of such activity
over longer periods of time provides essential physiological and
pathological information for the diagnosis of cardiovascular
diseases (10, 12, 13).
Piezoelectric and triboelectric devices have a significant po-

tential as wearable acoustic sensors, due to their high acoustic–
electrical conversion efficiency and mechanical flexibility (14–23).
The acoustic sensitivity of these devices has been significantly in-
creased, simply through using nanofiber materials and/or modi-
fying the geometric design of the substrate (24–27). For example, a
polyvinylidene fluoride (PVDF) nanofiber-based acoustic sensor
(28), with a centimeter-scale hole in the substrate, enabled the
direct transfer of acoustic signals to PVDF nanofibers, and
exhibited a maximum sensitivity of 266 mV Pa−1. Furthermore, a
triboelectric sensor (29), fabricated using a multiholed paper
substrate with a hole diameter of 200 μm, has been reported in the
literature. The porous structure of the substrate allowed for large
vibrations of the sensor, resulting in a maximum sensitivity of
1,995 mV Pa−1. In addition, triboelectric sensor (30) with a
centimeter-scale cubic cavity exhibited a sensitivity as high as 9,540

mV Pa−1, owing to the large compression/expansion of air inside
the cavity.
For the accurate monitoring of small changes in bodily acoustic

signals, the sensors have to be attached so as to minimize inter-
ference with the mechanoacoustic vibrations of the skin (9, 31–33).
A skin-mounted accelerometer sensor, with an overall thickness of
2 mm, has been reported; it was capable of measuring the tiny skin
vibrations caused by heartbeats (34). The 28-μm-thick PVDF film,
sandwiched between two 47-μm-thick elastomers, can monitor
seismocardiographic information without requiring an external
power supply (35). Recently, a self-powered piezoelectric sensor
(36), fabricated on an ultrathin plastic substrate (4.8 μm), was able
to respond to a tiny human pulse, owing to a conformal attach-
ment of the sensor on the skin surface; it exhibited an acoustic
sensitivity of ∼250 mVPa−1.
However, the achievement of high sensitivity in ultrathin sen-

sors remains a challenge. Indeed, three-dimensional (3D) cavities,
where the sound pressure is enhanced by resonance, can be used
only for bulky sensors. In case of flexible acoustic sensors, the
mechanical durability and thinness stand in a trade-off relation-
ship. This is because a reduction in the thickness, and/or an in-
troduction of pores in ultrathin substrates, make sensors fragile.
The use of a thick protective film can improve the durability of the
sensors; however, this also increases the overall thickness of the
devices. Furthermore, when the substrates are porous and thin,
the amplitude of vibration increases with respect to the same in-
put, and thus a higher durability is required. The ultrathin porous
substrates are susceptible to damage during handling, which
makes it difficult to maintain the functionality of such devices for
longer periods, particularly during long-term wearable operations.

Significance

We have fabricated an all-nanofiber–based mechanoacoustic
sensor that exhibits an acoustic sensitivity as high as 10,050.6
mV Pa−1 in the frequency range of 10 to 500 Hz. The sensors are
ultralightweight (total weight 5 mg or less) and gas-permeable.
These superior performances enable our sensors to continuously
measure the mechanoacoustic heart signals for longer periods
(>10 h) with an extraordinarily high signal-to-noise ratio of
40.9 decibels.
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Here, we show an all-nanofiber mechanoacoustic sensor, which
exhibits a sensitivity as high as 10,050.6 mV Pa−1. This high sen-
sitivity is realized by the fabrication of ultrathin (2.5 μm) nanofiber
electrode layers, and forming a multilayered nanofiber sensor
structure which enables a large vibration during the application of
sound waves. Each of the layers being nanofiber structure, the
effective mass density is significantly reduced and an overall
weight as small as 5 mg or less is achieved. The sensors show an
excellent gas permeability (12.4 kg-m−2·d−1) which is suitable for
long-term wearable sensing applications. The nanofiber substrates
are sufficiently durable, making the devices mechanically robust
against repetitive bending (1,000 cycles), and show a stable oper-
ation of 27 h under continuous application of sound waves at very
high intensity of 110 decibels (dB). Finally, a continuous long-term
(10 h) measurement of mechanoacoustic heart signals with a
signal-to-noise ratio as high as 40.9 dB demonstrates the practical
applicability of our all-nanofiber sensors as wearable cardiac
sensors.

Results and Discussion
The structure of the all-nanofiber mechanoacoustic sensor is
shown in Fig. 1A. The sensor consists of three layers, i.e., bottom
nanofiber electrode, PVDF nanofiber, and top nanofiber elec-
trode layers, which were laminated together after each layer was
separately manufactured. Scanning electron microscopy (SEM)
images of each layer and the distribution of fiber diameters are
shown in SI Appendix, Fig. S1. In order to fabricate the nanofiber
electrode layer, a sheet of electrospun polyurethane (PU)
nanofibers (with average fiber diameters of 650–950 nm) was
transferred on the supporting frames with open windows. A 200-
nm-thick parylene layer was deposited to improve the mechan-
ical durability at the fiber-to-fiber joints (SI Appendix, Fig. S2). A
100-nm-thick Au electrode was deposited onto the PU nanofiber

sheet through a shadow mask. A sheet of PVDF nanofibers (with
average fiber diameters of 250–450 nm) was then prepared by a
similar electrospinning method (SI Appendix, Fig. S3). In order to
increase the piezoelectric conversion efficiency, bead-free PVDF
nanofibers with smaller diameters were used, as discussed later in
detail. The X-ray diffraction (XRD) pattern shows a peak at 2θ =
20.2°, which indicates PVDF nanofiber β-phase formation (SI
Appendix, Fig. S4). The fabrication of the sensor was completed by
sandwiching the PVDF nanofiber sheet between two nanofiber
electrode sheets (Methods and SI Appendix, Fig. S5). Fig. 1B shows
cross-sectional image of the all-nanofiber mechanoacoustic sensor
obtained by SEM. The air gaps with typical spacings of 5–15 μm
were naturally formed between the layers owing to the porous
structure of the nanofibers. These gaps have an important role to
achieve a high conversion efficiency, as discussed later. Fig. 1 C
and D show the optical photograph and magnified surface 3D
microscopic image of sensors, respectively. The sensor is ultra-
lightweight with a total mass of 5 mg (or smaller) (SI Appendix,
Fig. S6). Furthermore, owing to the porous structures of the
nanofiber layers, the sensor exhibited an excellent water-vapor
permeability of 12.4 kg-m−2·d−1 (Methods and SI Appendix, Fig.
S7). It is worth noting that no external power supply is required to
generate a voltage signal under the application of a sound wave.
All these features make the sensor suitable to be applied for
continuous long-term monitoring of mechanoacoustic signals.
In order to evaluate the sensitivity, the output voltage gener-

ated by the sensor was monitored under the application of sound
waves (Methods and SI Appendix, Fig. S8). The effective sensing
area was 2.5 × 2.5 cm2. When sound waves of 110 dB at 250 Hz
were applied, a peak output voltage of 64 V was generated (Fig.
2A). The fast Fourier transform (FFT) of the generated output
signal had a peak at 250 Hz, confirming that the output voltage
was generated solely from the applied sound waves at 250 Hz

Fig. 1. Ultrasensitive all-nanofiber mechanoacoustic sensor. (A) Schematic of the all-nanofiber mechanoacoustic sensor. (B) Cross-sectional image of the
sensor obtained by SEM. This image shows three layers, i.e., the bottom nanofiber electrode layer, the PVDF nanofiber layer, and the top nanofiber electrode
layer. Air gaps naturally form between the layers, owing to the porous structure of the nanofibers. (Scale bar, 50 μm.) (C) Optical photograph of the fab-
ricated sensor. (Scale bar, 1 cm.) (D) Surface 3D microscopic image of the sensor. (Scale bar, 30 μm.)
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(SI Appendix, Fig. S9). The sound pressure level (SPL) was then
changed at 250 Hz. When the SPL was increased from 55 to
115 dB, the peak output voltage significantly increased, from
24 mV to 70.9 V (Fig. 2B). The sensitivity at an SPL of 110 dB was
as high as 9,229.8 mV Pa−1 (highest value: 10,050.6 mV Pa−1 at
105 dB), a high reported sensitivity of mechanoacoustic sensors.
The high sensitivity (higher than 2,000 mV Pa−1) was maintained
even at a smaller SPL of 55 dB (SI Appendix, Fig. S10 and
Methods). This makes our device particularly suitable for the
measurement of low-intensity body acoustics, e.g., mechanoacous-
tic heart/lung signals due to the tiny nature of signal amplitudes.
In order to evaluate the frequency response, the frequency of

the sound waves was changed at a constant SPL of 110 dB (Fig.
2C). The sensor exhibited a high-output response at the low-

frequency region (<500 Hz); the maximum sensitivity was ob-
served at 250 Hz. The sensitivity at the low-frequency region is
very important for the measurement of body acoustics, in partic-
ular, for heart sounds, as their signals have frequencies of 10–300
Hz (11). In order to investigate the frequency resolution, sound
waves generated by two different sound sources were applied to
the sensors. Fig. 2 D and E show the electrical output signal and
the corresponding spectrogram, respectively, when the sound
waves with two different frequencies of 240 and 320 Hz (0–3.4 s),
160 and 240 Hz (6.5–10.5 s), and 240 and 320 Hz (14.5–17.3 s)
were simultaneously applied to the sensor. The spectrogram ex-
actly shows the two frequencies applied to the sensor at a certain
time interval. A magnified view of the bifrequency signal is shown
in Fig. 2D. The two peaks at 240 and 320 Hz are unambiguously

Fig. 2. Acoustic performance of the all-nanofiber mechanoacoustic sensor (A) Voltage waveform generated when a sound wave of constant frequency (250 Hz)
and 110-dB SPL is applied to the sensor. The sensing area is 2.5 × 2.5 cm2. (B) Effect of the SPL on the sensor performance (n = 3). (C ) Frequency response of
the sensor. (D) Bifrequency (240 and 320 Hz) detection when sound waves with two different frequencies are simultaneously applied to the sensor (Inset)
Corresponding FFT of the two frequencies. (E ) Sensor performance when sound waves with two different frequencies are simultaneously applied, and the
corresponding spectrogram. The two different sound waves were simultaneously applied to the sensor in the following manner: 240 and 320 Hz (0–3.4 s), 160
and 240 Hz (6.5–10.5 s), and 240 and 320 Hz (14.5–17.3 s).
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observed in the FFT (Fig. 2 D, Inset). Furthermore, the sensor
could distinguish two sound waves with closer frequencies of 179
and 180 Hz (SI Appendix, Fig. S11).
An ultrahigh sensitivity of the sensor was achieved by a careful

optimization of the structures and process parameters. We pre-
pared two types of sensors for comparison: The same PVDF
nanofiber sheets were sandwiched between nanofiber electrode
sheets or continuous film sheets. The thickness of the nanofiber
sheet was changed systematically from 9.4 to 2.6 μm, while that
of the film sheet was changed from 10 to 1.5 μm (Methods). The
output voltages and vibration amplitudes are shown in Fig. 3A as
a function of the substrate thickness for both types of sensors.
When the thickness of the nanofiber sheet decreased from 9.4 to
2.6 μm, the peak output voltage increased from 9.6 to 58.5 V,
while the vibration amplitude increased from 250 to 415 μm. For
the film-sheet–based sensor, the peak voltage increased from
670 mV to only 1.2 V, while the vibration amplitude increased from
81 to 299 μmwhen the sheet thickness decreased from 10 to 1.5 μm.
Although the decrease in sheet thickness enabled a significant
increase in vibration amplitude for both the nanofibers and film,
the nanofiber-sheet–based sensor exhibited larger deformation
and output voltage than those of the film-based sensor. These
results are consistent with the previous reports on sensors and
nanogenerators (16, 28, 29), where a larger deformation induced a
larger voltage owing to piezoelectricity and triboelectricity. A
simulation of the device vibration profile at a fixed sound is per-
formed using COMSOL Multiphysics 3.5a (SI Appendix, Fig. S12).
We prepared all-nanofiber sensors with three different active

layers: PVDF, PU, and polyvinyl alcohol (PVA) layers. Peak
voltages of 58.5, 40.2, and 23.2 V were obtained for the PVDF,
PU, and PVA nanofibers, respectively (Fig. 3B). It is reasonable
that the PVDF nanofibers exhibited a larger peak voltage than
those of the other two nanofibers owing to the piezoelectricity of
PVDF. Ideally, if there are gaps between electrode layers and
active layer, the piezoelectric signals cannot be generated. However,

the nanofiber layers being extremely soft, there still exist few
places where contact between the layers is maintained (SI Ap-
pendix, Fig. S13). Although the whole PVDF layer is not covered
by Au-coated nanofiber layer, certain parts in contact contributed
piezoelectric charge generation. Furthermore, it should be noted
that the sensors with the nonpiezoelectric materials (PVA and
PU) generated high voltages, induced by triboelectricity (37).
Therefore, the large output voltage of the PVDF nanofibers can
be attributed to the combination of piezoelectricity and tribo-
electricity where the triboelectricity is more dominant. In general,
the sensitivity of piezoelectric sensors increases with the increase
of frequency. But, in case of triboelectric sensors, natural fre-
quency of sensors shifts due to the size of the sensor (30) because
the resonance frequency is determined by the geometric structure.
For this reason, the sensitivity of our device was decreased with
the increasing frequency over 500 Hz.
In order to further investigate the triboelectric effect, a high-

speed camera was employed to directly observe the vibrations of
the sensors under the application of sound waves (Methods).
Three different representative sensor states (bottom-contact posi-
tion, neutral position, and up-contact position) under the appli-
cation of sound waves are shown in Fig. 3C. It is worth noting that,
as shown in Fig. 1, air gaps existed between the three layers of the
sensors. Owing to air compression and rarefaction by the sound
waves, the PVDF nanofiber layer oscillated between the top and
bottom electrode layers (38, 39) (Movies S1 and S2). The large
oscillation of the PVDF layer led to accumulation of opposite-
polarity triboelectric charges on the Au-coated nanofiber and
PVDF nanofiber layers, generating electric potential between the
electrodes. These results show that the ultrahigh acoustic sensi-
tivity of the all-nanofiber sensor can be attributed to the combi-
nation of piezoelectricity and triboelectricity, in addition to the
nanoporous substrate. The high sensitivity at the low-frequency
region is particularly important for biomedical applications. It is
known that a high-frequency response can be achieved with a

Fig. 3. Operation mechanism of the all-nanofiber mechanoacoustic sensor. (A) Effect of the substrate thickness on the output voltage (Top) and vibration
amplitude (Bottom), and comparison of the all-nanofiber sensor against the ultrathin-film substrate sensor. Solid lines represent data for sensors with
nanofiber substrate, and dashed lines represent sensors with the film substrate. (B) Output voltages of the sensors with various active layers (triboelectricity).
Three different active layer materials, namely, PVA, PU, and PVDF are used. (C) Optical images of the sensors, showing three representative states: (i) bottom-
contact position, (ii) neutral position, and (iii) up-contact position, under the application of sound waves (100 Hz), obtained by high-speed camera. (Scale bar,
30 μm.) The error bars represent the SD of the three samples.
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microelectromechanical system (MEMS) sensor. However, the
sensitivity of our sensor at the low frequency is significantly higher
than those of MEMS sensors. For example, a diaphragm-free op-
tical microphone (40) exhibited a sensitivity of 10.63 mV Pa−1 in
the SPL range of 88–108 dB (0.5–5 Pa), while a triboelectric au-
ditory sensor (41) for robotics or hearing aids exhibited a maximum
sensitivity of 112.4 mV dB−1 or 513.9 mV Pa−1 in the SPL range of
85–110 dB.
Further, we evaluated the mechanical durability, which is im-

portant for the long-term operation of a wearable sensor. The
output voltage was monitored while the sensor was bent from the
flat state to a state with a bending radius of 6.5 mm. The change
in the output voltage upon the bending was negligible (Fig. 4A).
In order to further investigate the durability, a cyclic-bending
experiment was performed with a bending radius of 6.5 mm.
After 1,000 cycles, the change in the output voltage was negli-
gible, showing the high robustness of the nanofiber sensor (Fig.
4B). This high robustness of our sensors is achieved due to the
robust design of nanofiber electrode layers (Methods). We have
tested the resistance changes of each nanofiber electrode layer
against bending. The change in resistance is less than 2.2% while
the nanofiber substrate was bent from the flat state (bending ra-
dius, ∞) to a state with a bending radius of 6.5 mm (SI Appendix,
Fig. S14A). Additionally, in cyclic-bending test, after 1,000 cycles
of bending with a bending radius of 6.5 mm, a maximum of 3.2%
resistance change is observed (SI Appendix, Fig. S14B). Further-
more, the sensor exhibited a sufficient stability during the long-
term operation. Indeed, after the continuous application of sound
waves at the frequency of 250 Hz for 27 h with a high-pressure
level (SPL of 110 dB), the change in the output voltage was
smaller than 3% (SI Appendix, Fig. S14C).
Finally, the sensors were attached to a human chest, where

they were positioned at the mitral valve for 10 h, to realize
continuous seismocardiography, which is a measurement of the
chest vibrations induced by heartbeats (Methods, Fig. 4A, and SI
Appendix, Fig. S16). The signals were measured for 5 min at
intervals of 1 h. As these vibrations are very small, their detection
requires ultrasensitive and ultralightweight sensors (34, 42). The
frequency of the signals of a normal heart is predominantly
concentrated in the 20–150-Hz band. The changes of frequency
or amplitude in heart signals provide information about imparity
in the heart, caused by changes in the myocardial contraction
forces or heart blood-flow velocity (10). Therefore, the contin-
uous long-term monitoring of heart signals is important to cli-
nicians, enabling them to observe such changes in frequency
or amplitude, and subsequently to diagnose heart diseases more

effectively. The heart signals measured by our sensors, and the
corresponding spectrograms, show that the frequency of the heart
signals of the human subject also lie in the normal frequency band
throughout the course of the 10-h experiment. The stable moni-
toring of the heart rate (in beats per minute, BPM) was performed
over a period of 10 h (Fig. 4B). The signal-to-noise ratio (SNR)
was as high as 38.2–40.9 dB during the measurement procedure,
which is a significant improvement compared to the recent reports
of mechanoacoustic sensors (34, 35). This high SNR value over
10-h measurement shows the feasibility of the all-nanofiber–based
gas-permeable mechanoacoustic sensors for continuous long-
term heart monitoring applications. Finally, a comparison of the
data obtained with our all-nanofiber sensor and a commercial
cardiac microphone over a 30-min period, and a magnified plot of
this comparison, are shown in Fig. 5 D and C, respectively. The
results show that our sensor can measure the tiny mechanoa-
coustic heart signals, with a quality comparable to that of a
commercial medical-grade cardiac microphone.

Conclusions
We have reported the design of an all-nanofiber, ultrasensitive,
ultralightweight, gas-permeable mechanoacoustic sensor. The all-
nanofiber sensors show a superior acoustic sensitivity in the low-
frequency region, and at the same time maintain high mechan-
ical robustness and stability under bending. The continuous 10-h
seismocardiographic measurements show our sensor’s superiority
as a mechanoacoustic sensor for long-term cardiac monitoring. In
the future, integration of nanomesh electrocardiogram (ECG)
electrodes, along with our all-nanofiber sensor, will enable the long
sought-after inflammation-free, long-term simultaneous monitoring
of ECG and SCG. Utilizing the ultrahigh sensitivity in high sound-
pressure region might open up application opportunities of our
sensor in voice-controlled security for next-generation human–
machine interface (HMI) and environmental noise sound harvesting.

Methods
Preparation of the Nanofiber Substrate. The nanofiber substrate was fabri-
cated by modifying the previously reported method (43, 44). A PU solution
(Rezamin M-8115LP, Dainichiseika) was diluted to obtain a 15 wt % solution
with a mixed solvent [N, N-dimethylformamide (DMF):methyl ethyl ketone
with a ratio of 7:3], and subsequently stirred at room temperature for 2 h.
The PU nanofiber sheet was prepared by far-field electrospinning (Fuence
ES-2000). The PU solution was placed in a glass syringe with a metallic needle
(27 G) maintaining the distance of 15 cm between the needle tip and the
grounded collector. The solution was injected at a flow rate of 10 μL min−1

under an applied voltage of 20 kV for 5 min. The electrospun PU nanofiber
sheet was then transferred to a 1-μm-thick parylene support film with a
window. The 1-μm-thick parylene support film was prepared on a 125-μm-thick

Fig. 4. Mechanical characteristics of all-nanofiber mechanoacoustic sensor. (A) Output voltage performance at different bending radii, ranging from the flat
state (∞) to a 6.5-mm bending radius (Inset) Optical photo of the sensor in bending state. (Scale bar, 1 cm.) (B) Cyclic durability of up to 1,000 repetitive
bending cycles.
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polyimide (PI) film by chemical vapor deposition. The PI film was used as a
temporary substrate during the fabrication; a fluorinated polymer was spin-
coated as a sacrificial layer on top of the PI film. A window was fabricated on
the parylene/PI substrate with dimensions of 2.5 × 2.5 cm2, and then the PU
nanofiber sheet was transferred onto the parylene/PI substrate. Within this
window, the PU nanofiber sheet was freestanding, while in the other regions,
the nanofibers were supported by the parylene/PI substrate. A 200-nm-thick
parylene layer was then coated around each PU fiber to enhance the strength
of the fiber-to-fiber joints. The nanofiber electrode preparation was com-
pleted by depositing a 100-nm-thick Au layer with a shadow mask using a
thermal evaporator. The average sheet resistance for our nanofiber electrode
layers was 2.293 ± 0.069 Ω. The sheet-resistance measurement was performed
with a four-point probe measurement system (model

P
-5+, NPS Inc.). The

contact pad is directly formed on parylene-coated PU fibers supported on top
of the 1-μm parylene film as shown in Fig. 1C.

Preparation of the PVDF Nanofiber Sheet. The PVDF nanofiber sheet was
fabricated by a similar electrospinning process (Fuence ES-2000). PVDF pellets
(molecular weight: 275,000 g mol−1, Sigma-Aldrich) were dissolved in a
mixed solvent (DMF:acetone with a mixing ratio of 4:6 v:v) and stirred at
70 °C for 3 h to prepare a 19 wt % PVDF solution. The solution was then
placed in a glass syringe with a metal needle (27 G). Electrospun nanofibers
were collected on a silicone-coated paper placed on top of a grounded flat
collector. The distance between the metal needle tip and the grounded
collector was maintained at 15 cm; fibers were drawn to fabricate the PVDF
nanofiber sheet. Three parameters of the electrospinning process (solution
concentration, applied voltage, and flow rate) were investigated to optimize
the PVDF nanofiber formation. The solution concentration was in the range
of 15–23 wt %, the applied voltage was in the range of 15–30 kV, and the
flow rate was in the range of 5–15 μL min−1. As shown in SI Appendix, Fig. S3
A–C, at a concentration of 15 wt % (constant voltage of 20 kV and flow rate

Fig. 5. Continuous monitoring of heart signals (seismocardiography) using the all-nanofiber mechanoacoustic sensor. (A) Heart signals (initial, after 5 h, and
after 10 h), and the corresponding spectrograms. (B) SNR and heart rate in BPM during the 10-h experimental period. The black curve represents the SNR, and
blue represents the BPM. (C and D) Comparison of the heart signals measured by a commercial cardiac microphone and an all-nanofiber sensor. Heart signals
were measured continuously for 30 min. (D) A magnified version of the signals in C.
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of 10 μL min−1), the PVDF fibers contained a large number of beads, al-
though the average diameter was smaller. With the increase in the solution
concentration, the beads disappeared, while the average fiber diameter
significantly increased. At the applied voltage of 15 kV (constant concen-
tration of 19 wt % and flow rate of 10 μL min−1), the fibers became thicker
and contained beads, as shown in SI Appendix, Fig. S3 D–F. With the increase
in the applied voltage, the fibers became thinner. However, at a too-high
voltage over 30 kV, the solvents instantly evaporated and caused clogging at
the needle tip. SI Appendix, Fig. S3 G–I show the effect of the flow rate,
where the fiber diameter increases with the introduction of some beads in
the fibers when flow rate is increased. Therefore, the optimized electro-
spinning for the PVDF nanofiber sheet formation involved a solution con-
centration of 19 wt%, an applied voltage of 20 kV, and a flow rate of 10 μLmin−1.
During electrospinning, in situ stretching and poling occurs during fiber
drawing with the application of high voltage (20 kV). Due to this in situ
stretching and poling, PVDF nanofiber change its phase into polar β-phase
from α-phase which can be known from XRD analysis (SI Appendix, Fig. S4).

Characterization of the Nanofibers. The morphologies of the nanofibers (both
PVDF and PU nanofibers) were analyzed by SEM (Hitachi S-4800, FE-SEM). The
SEM images were used to estimate the fiber diameter using an image pro-
cessing software (ImageJ 1.50b).

The out-of-plane XRD pattern of the PVDF nanofibers mounted on a glass
holder was obtained using a Rigaku SmartLab diffractometer. The sample
was scanned in the range of 10° to 60° at a scan rate of 0.2° s−1 with a
measurement step of 0.02° in a 2θ–θ configuration with a Cu-Kα source (λ =
1.541 Å) at 40 kV and 30 mA.

Fabrication of the Mechanoacoustic Sensors. The mechanoacoustic sensors
were fabricated by sandwiching a PVDF nanofiber sheet between two (top/
bottom) electrode substrates. After each layer is manufactured separately,
three layers were laminated together, and a heat and press (50 °C and 200 N)
is applied for 1 min to complete the fabrication of sandwich structure of the
sensors. The three layers are laminated together intending to achieve a
freestanding triboelectric sensor configuration.

1) Nanofiber substrate. The thickness of the nanofiber substrate was con-
trolled by varying the electrospinning time in the range of 5–20 min. The
thickness was measured using a color 3D laser scanning microscope
(KEYENCE, VK-9710).

2) Uniform parylene film substrate. The ultrathin parylene substrate was
prepared by depositing a 1.5-μm-thick parylene on a 125-μm-thick PI
substrate. The PI film was used as a temporary substrate during the
fabrication. A fluorinated polymer was spin-coated as a sacrificial layer
on top of the PI film. Thin parylene film substrates with three different
thicknesses (1.5, 5, and 10 μm) were prepared.

In each case, the PVDF nanofiber sheet thickness was constant (6–7 μm).

Characterization of the Sensors. The measurement setup for the acoustic
sensor characterization consisted of a loudspeaker connected to a personal
computer, as a sound source. The distance between the sound source (speaker)
and the sensor is maintained to be 1 cm throughout the experiments. The SPL
is varied by varying the volume of speaker from the computer. The SPL was
measured using a sound-level meter (SL8850). The corresponding electrical
output signal was measured using an oscilloscope (KEYSIGHT InfiniiVision
DSOX4024A). Cu wires were used as wirings, attached to the Au pads on the
parylene support film of the sensor. During the characterization, the sensor
was firmly attached to a fixed frame. In order to avoid false vibration of the
equipment, the frames were supported by a heavy slabstone base.

The vibration amplitudes of the sensors were measured using a laser
displacement sensor (KEYENCE, LE-4000). A schematic of the vibration setup is
shown in SI Appendix, Fig. S15. Sounds were applied using a loudspeaker

from the bottom side of the sensor and the laser was pointed at the center
of the top surface of the sensor to measure the vibration amplitude.

A high-speed camera (Phantom v711) was used to analyze the real-time
vibration and the contact–separation between the layers of the sensor.
The sample was prepared by cutting the sensor at one edge using ultrasharp
scissors. The sample was placed on a sample holder so that the cut edge of
the sensor faced the camera lens. Sound waves (frequency of 100 Hz and SPL
of 110 dB) were then applied from the bottom side of the sensor and the
corresponding vibration as well as the contact–separation between the
layers were recorded. The movies were acquired at a frame rate of 1,000
frames per second.

Calculation of the Sensitivity. The sensitivity (S) of the acoustic sensor was
calculated by

S=
V
P
=

V

P0.10
SPL=20

, [1]

where P is the sound pressure, V is the peak output voltage of the sensor,
and Po is the reference sound pressure of 2 × 10−5 Pa; the SPL is expressed
in dB.

Gas-Permeability Test. Three bottles were used for the experiment; each of
them contained 1 g of water. The all-nanofiber mechanoacoustic sensor and
the 5-μm-thick parylene film coated with Au were attached to the openings
of the two bottles, while the third bottle was kept open. The water vapor
permeability was estimated by measuring the weight loss of water. The
samples were stored in a thermostatic chamber at a temperature of 25 °C
and a humidity of 30%. The weights of the bottles were measured after
every 24 h for 6 d.

Water-vapor permeability (WVP) in kg m−2·d−1 was calculated according
to the following equation:

WVP=
m1 −m2

S
×24, [2]

where m1 and m2 are the bottle weight before and after test, respectively,
and S is the opening area of the bottle.

Seismocardiography. The seismocardiography was carried out by attaching
the sensors at the mitral valve position of the human chest. An ultrathin
transparent film dressing (3M Tegaderm) with a window of the same size as
the sensing area was used to attach the sensor to the chest. Due to the
window of Tegaderm film, the natural movements and gas permeability of
the skin are not hindered during the monitoring of heart signals. Data were
recorded at a sampling rate of 1 kHz using a Neuropack ×1 (NIHON KOHDEN
MEB 2300). The subject was comfortably seated on a chair with a backrest
support. The signals were measured with a bandpass filter (10–500 Hz)
and a notch filter (50 Hz). The ratio between the peak-to-peak voltage of
the signal and the peak-to-peak voltage of the noise region was used to
calculate SNR. The study protocol was thoroughly reviewed and approved
by the ethical committee of The University of Tokyo (approval number
KE18-14).

Data Availability. All data supporting the findings of this study are either
included within the paper or available from the corresponding author upon
request.
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