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Ultralow-cost piezoelectric sensor constructed by
thermal compression bonding for long-term
biomechanical signal monitoring in chronic
mental disorders¥
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Wearable bioelectronic devices, which circumvent issues related to the large size and high cost of clinical
equipment, have emerged as powerful tools for the auxiliary diagnosis and long-term monitoring of
chronic psychiatric diseases. Current devices often integrate multiple intricate and expensive devices to
ensure accurate diagnosis. However, their high cost and complexity hinder widespread clinical application
and long-term user compliance. Herein, we developed an ultralow-cost poly(vinylidene fluoride)/zinc
oxide nanofiber film-based piezoelectric sensor in a thermal compression bonding process. Our piezo-
electric sensor exhibits remarkable sensitivity (13.4 mV N7, rapid response (8 ms), and exceptional stabi-
lity over 2000 compression/release cycles, all at a negligibly low fabrication cost. We demonstrate that
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pulse wave, blink, and speech signals can be acquired by the sensor, proposing a single biomechanical
modality to monitor multiple physiological traits associated with bipolar disorder. This ultralow-cost and
mass-producible piezoelectric sensor paves the way for extensive long-term monitoring and immediate
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Introduction

Bipolar disorder is a multifaceted and severe chronic psychia-
tric disease, ranked 17th among all diseases globally,' impact-
ing over 1% of the global populace.” Statistically, bipolar dis-
order patients face a twofold increased risk of mortality® due
to the elevated rates of suicide and physical ailments in this
demographic,*® significantly impacting their mental and
physical health, familial relationships, and societal develop-
ment. Patients with bipolar disorder undergo intense emotion-
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feedback for bipolar disorder management.

al fluctuations, including recurrent episodes of mania and
depression. During manic episodes, patients experience heigh-
tened emotional states characterized by intense euphoria and
surges in blood pressure. Conversely, depressive episodes
entail a contrasting experience marked by low moods, reduced
energy levels, and heightened susceptibility to fatigue across
various activities.°”® Hence, long-term monitoring and inter-
vention in this condition are imperative."® Currently, diagnos-
ing bipolar disorder relies heavily on verbal interviews and
specific questionnaire assessments, lacking reliable and objec-
tive psychological indicators or biomarkers.'"'* Although
auxiliary medical tools such as magnetic resonance imaging
(MRI)"*'* and electroencephalographs'®'® are commonly used
in psychiatric illness diagnosis, their high cost, bulkiness, and
complexity restrict their use outside hospital settings.'”"'®
These limitations also prevent them from continuous, long-
term monitoring of patients’ mental health conditions.
Recently, propelled by the urgent demand for advanced arti-
ficial intelligence and wearable medical devices, flexible wear-
able devices have attracted considerable attention due to their
lightweight and portability."®">* They enable continuous moni-
toring of physiological signals, thus supporting clinical
decisions and enhancing the management of mental health
disorders.>* > For example, electroencephalogram (EEG) elec-
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trodes are developed for prolonged high-quality neurological
state monitoring.*>*' Unfortunately, their reliance solely on
electrophysiological signals is inaccurate due to the diversity of
symptoms in psychiatric disorders. Since multiple physiologi-
cal features can provide additional discriminative infor-
mation,** it is critical to integrate multiple devices into a
single system. For instance, a wearable system integrating
fabric electrodes and resistive sensors is designed to diagnose
bipolar disorders, which poses a high accuracy of 95.81%."
An adaptive method is also proposed to enhance classification
accuracy by fusing multiple emotional modalities.®>® Although
these methods enhance accuracy by monitoring various phys-
iological signals, their reliance on numerous devices, complex
preparation, high cost, and intricate operation poses chal-
lenges for ensuring long-term user compliance.

Here, we demonstrate a thermal compression bonding
piezoelectric sensor (TCBPS) based on poly(vinylidene fluor-
ide) (PVDF)/zinc oxide (ZnO) nanofiber film, which is ultralow-
cost and mass-producible. By analyzing the common symp-
toms of bipolar disorder, we identified three crucial physio-
logical characteristics—blood pressure, fatigue level, and
emotion—as key indicators for the long-term monitoring of
bipolar disorder. By correlating and quantifying the above
three physiological features with pulse wave, blink, and speech
signals, we successfully proposed a single biomechanical
modality for bipolar disorder monitoring. Specifically, we
employed an electrospinning technique to prepare the PVDF/
ZnO nanofiber film directly on a copper foil, thus forming a
composite layer. Our TCBPS was constructed by a one-step
integration method, i.e. combining two composite layers with
fiber sides inwards and assembling them in a thermal com-
pression bonding process. Straightforward fabrication pro-
cesses and affordable and economical materials endow our
TCBPS with negligible cost. Our TCBPS exhibits an excellent
sensitivity of 13.4 mV N™" and a rapid response time of 8 ms.
It maintains stable voltage output over 2000 compression/
release cycles without noticeable fatigue, allowing for sustain-
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able monitoring of mechanical signals. As a whole, our TCBPS
holds tremendous potential for accurate monitoring, long-
term management, and timely intervention of bipolar
disorder.

Experimental section
Materials

PVDF powder (M, =~ 534000) was purchased from Sigma-
Aldrich. ZnO nanoparticles (90 + 10 nm) and N,N-dimethyl-
formamide (DMF) were obtained from Aladdin Biochemical
Technology Co., Ltd. Conductive copper foil was supplied by
Kunshan Hanke’s new material company. Acetone was pur-
chased from Nanjing Chemical Reagent Co., Ltd.

Preparation of PVDF/ZnO nanofibers and fabrication of the
TCBPS

The fabrication process of our TCBPS is as follows. ZnO nano-
particles were added in a 1:1 (wt/wt) DMF/acetone mixture
solvent and ultrasonically dispersed for 3 h to obtain a mixed
solution. Subsequently, PVDF powder was introduced into the
mixed solution and stirred at 50 °C for 12 h for the spinning
solution. Once the solution was loaded into the syringe, a 21G
metal needle was applied to connect the syringe outlet. The
syringe was then mounted on a syringe pump to provide a con-
stant flow rate of 0.5 ml h™. Electrospinning was carried out
at a positive voltage of 15 kV with a negative voltage of —2 kv
under a fixed distance of 15 cm between the tip of the spinner
and the collector. A rotating drum covering a piece of copper
foil operating at 100 rpm collected the electrospun fibrous
film. The process was carried out with an electrospinning
machine (ET-1, Beijing Yongkang Leye Technology
Development Co., LTD). Following the preparation of the com-
posite layers consisting of the copper foils and PVDF/ZnO
nanofibers, the TCBPS was fabricated by stacking two compo-
site layers with their fiber sides inwards and integrating in
thermal compression bonding (JXY-SD160B, Dongguan
Jinxinyang Mold Technology Co., LTD) at 100 °C for 2 min.
Finally, the device was made to be 20 mm x 20 mm for the fol-
lowing experiments.

Characterization and measurements

The morphology of the nanofiber films with 0%, 2%, 5%, 7%,
and 10% ZnO and that with 7% ZnO after thermal com-
pression was observed on a scanning electron microscope
(SEM, thermo scientific Apreo 2C). Elemental composition was
assessed through energy-dispersive X-ray spectroscopy (EDS,
Oxford Ultim Max65). X-ray diffraction (XRD) was performed
on an Ultima IV diffractometer (Rigaku Corporation, Japan) to
elucidate the crystalline phase structure of nanofibers. Fourier
Transform Infrared Spectroscopy (FT-IR) investigations were
conducted using a spectrometer (Thermo Fisher Nicolet Is5),
covering a wavelength range of 4000 to 400 cm™" with a spec-
tral resolution of 4 cm™'. The mechanical property test of
devices was performed on a Criterion Electromechanical Test
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System (C42.503, MTS). The output voltage was measured by
PowerLab (PL3516, AD Instruments), which was interfaced
with a computer using the LabChart program. Before measur-
ing, we pre-tighten the skin in case skin laxity affects the elec-
trical signals of our TCBPS.

Machine learning methods of speech emotion recognition

For the training process, the sound emotion classifier was
trained with a batch size of 64 under one NVIDIA GeForce RTX
4090 GPU. The model programming utilizes an environment
of Anaconda 3, Python 3.8, and Pytorch1.13.1_gpu. We used
Adam as the model optimizer and set the learning rate to be
1x107°

Results and discussion

Wearable bioelectronic sensors can acquire different physio-
logical signals by sensing deformation or vibration in different
locations of the human skin (Fig. 1a). Our TCBPS is capable of
collecting pulse wave, blink, and speech signals to quantify
multiple physiological traits including blood pressure, fatigue
level, and emotion. Fig. 1b illustrates the fabrication process
for the TCBPS which comprises three layers, ie., bottom
copper foil electrode, PVDF/ZnO nanofiber film, and top
copper foil electrode (Fig. 1c and d). PVDF/ZnO nanofiber
films were prepared by electrospinning directly onto the
copper foil. To streamline the preparation process and mini-
mize costs, a one-step integration method was proposed to
assemble our sensor, whereby two composite layers consisting
of copper foils and PVDF/ZnO nanofiber films were stacked
inwards and incorporated by thermal compression bonding.
This process eliminates complicated procedures such as mag-
netron sputtering®* or spin coating.’® A photograph of 7 wt%
PVDF/ZnO nanofiber film after thermal compression taken by
metallographic microscope is shown in Fig. S1,f which dis-
plays fiber fusion. Fig. 1e illustrates the working mechanism of
our TCBPS for detecting dynamic forces during repeated com-
pression and release. The mechanical stretching, high-voltage
electric field polarization, and synergistic effect of ZnO during
the electrospinning process result in the alignment of PVDF
molecular chains along the fiber axis. This promotes the
in situ polarization of PVDF and the formation of more
B-phases in PVDF. Due to the in situ polarization of PVDF, the
dipoles in PVDF align inside the fibers and arrange along the
thickness direction, establishing the total polarization within
the fiber film.*®* When pressure is repeatedly applied and
released, the total dipole moment within the fiber film
changes, resulting in a change in the total polarization. This
change induces a flow of charge on the surface of the film,
eventually generating an electrical signal.

The piezoelectric effect generated by pure PVDF is insuffi-
cient to monitor subtle pulse wave, blink, and speech signals.
Consequently, we incorporated ZnO nanoparticles into PVDF
to enhance its energy conversion efficiency.’” To confirm the
presence of ZnO nanoparticles, SEM and EDS were utilized to
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Fig. 1 Applications and design of the TCBPS. (a) Diagram of the TCBPS
on monitoring different physiological signals. (b) Schematic illustration
of the fabrication process for the TCBPS. (c) A photograph of the TCBPS.
(d) Schematic of the multilayer structure of the TCBPS. (e) The working
mechanism of the TCBPS under compression and release.

observe the surface morphology of the electrospun PVDF/ZnO
nanofiber films. As shown in Fig. 2a—f, we successfully fabri-
cated nanofiber films with ZnO contents of 0%, 2%, 5%, 7%,
and 10% (wt/wt), respectively. No nanoparticles are observed
in the pure PVDF nanofiber film (Fig. 2a), whereas granular
protrusions are observed in the films doped with ZnO nano-
particles, which indicates the encapsulation of ZnO nano-
particles within the fibers (Fig. 2e). This observation is also
confirmed by the EDS images (Fig. 2g-j). Zinc (Fig. 2g) and
oxygen (Fig. 2h) from ZnO are well-distributed throughout the
PVDF matrix, without interfering with the existing dispersion
of carbon (Fig. 2i) and fluorine (Fig. 2j) which are inherent in
PVDF. The films with 7 wt% ZnO have a nearly 1: 1 (wt%) ratio
of zinc to oxygen (Table S1%), indicating the presence of ZnO
nanoparticles in the films. To further verify the presence of
ZnO, we characterized the crystalline phase structure of the
PVDF/ZnO nanofiber films using the XRD technique. The XRD
spectrum of pure PVDF consists of a characteristic peak of
18.3° for nonpolar a-phase and 20.6° for electroactive
B-phase.*® As depicted in Fig. 2k, in the nanofiber films doped
with ZnO nanoparticles, diffraction peaks at 26 = 31.9°(100),
34.5°(002), 36.3°(101) correspond to the characteristic peaks of

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of PVDF/ZnO nanofiber films. The SEM images
of PVDF/ZnO nanofibers with ZnO content of (a) 0 wt%, (b) 2 wt%, (c)
5 wt%, (d and e) 7 wt%, and (f) 10 wt%. The EDS images of PVDF/ZnO
nanofibers: (g) Zn, (h) O, (i) C, and (j) F. (k) The XRD patterns of PVDF/
ZnO nanofibers. (1) The FT-IR spectra of PVDF/ZnO nanofibers. (m) The
calculated p-phase content of PVDF/ZnO nanofibers.

Zn0.*® The characteristic peaks increase as the ZnO doping
ratio increases.

Moreover, the crystalline phase structure and chemical
composition of PVDF/ZnO were analyzed by FT-IR spec-
troscopy to investigate the role of ZnO nanoparticles in
forming the p-phase. Fig. 21 compares the FT-IR spectra of
PVDF nanofiber films with different ZnO doping ratios. The
vibrational peaks at 530 cm™', 614 cm™', 762 cm™', 795 cm ™",
and 975 cm™' correspond to the a-phase, and the vibrational
peaks at 510 cm™", 840 cm™" and 1279 cm™" correspond to the
B-phase (Fig. S21).%>*' The fraction of the B-phase can be calcu-
lated by the following equation:*?

Ap

YE).

o

where A, and Ay are the absorbance intensities at 762 cm™

and 840 cm ™", respectively, which can be obtained by transmit-
tance conversion of the FT-IR transmission curve. K, and Kj
are absorption coefficients of 6.1 x 10* cm® mol™" and
7.7 x 10* cm® mol ™" respectively. The resulting f-phase content
was calculated to be 77.5%, 78.5%, 79.1%, 80.9%, and 80.5%
at 0%, 2%, 5%, 7%, and 10% ZnO doping ratio, respectively
(Fig. 2m). The results show that the addition of ZnO nano-
particles can improve the content of p-phase in PVDF nano-
fibers. The role of ZnO in the formation of the p-phase in
PVDF can be explained from two perspectives. On the one
hand, there is an effective interaction between the CH, groups
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carrying positive charge density on the PVDF chain and the
surface of ZnO nanoparticles with negative charge density.
These negatively charged ZnO nanoparticles can act as p-phase
nucleating agents.*"**** On the other hand, during the
electrospinning process, the addition of ZnO nanoparticles
enhances the local electric field, which induces the formation
of a greater quantity of f-phase crystals than pure PVDFE.*?
Nevertheless, there is a decrease in the content of the p-phase
when the ZnO addition is increased from 7 wt% to 10 wt%.
The decrease in the content of the f-phase may be due to an
increasing amount of ZnO detaching from the fibers during
the electrospinning process and depositing on the fibers
(Fig. S371) rather than being encapsulated by the fibers, leading
to an ineffective induction of the f-phase formation."® In addition,
it is reported that the nucleating effect of nanofillers is more pro-
nounced at low levels since excessive nanofillers impede the move-
ment of the polymer chains and the growth of crystals, thus ham-
pering crystallization.”” Consequently, excessive ZnO may affect
the p-phase content by reducing the crystallinity of PVDF.

To investigate the electrical performance of our TCBPS, we
used an electromechanical platform to simulate the external
forces with different magnitudes (Fig. 3a). The electrical
output of the TCBPS can be obtained by a multi-channel data
acquisition system. To explore the effect of ZnO concentration
on device sensitivity, we recorded the voltage response of our
TCBPS under different forces at a frequency of 1 Hz. The
output voltage of the TCBPS with different ratios of ZnO rises
with the increase of force (Fig. 3b). Based on the linear slope
of the curve in Fig. 3b, the sensitivity of the TCBPS can be cal-
culated by the equation:

AV

s="
AF

2)
where AF represents the relative change in applied force, and
AV represents the relative change in output voltage. The
results show that the TCBPS with 7 wt% ZnO exhibits the
highest sensitivity (13.4 mV N™"), more than double that of a
device made with pure PVDF (S = 5.6 mV N). It is also
approximately 1.3 times higher than the sensor with 10 wt%
ZnO (S = 10.4 mV N~ ") due to the adverse effect of excess ZnO
on the content of the p-phase. Therefore, TCBPS containing
7 wt% ZnO was chosen for further experimentation and appli-
cation. The comparison of the sensitivity with sensors based
on similar materials is shown in Table S2.f Fig. 3¢ demon-
strates the cyclic response of the 7 wt% ZnO TCBPS under
different force magnitudes. By applying forces ranging from 5
N to 25 N repeatedly to the TCBPS, it maintains a high degree
of consistency in its measurement signal at every magnitude,
indicating its excellent reproducibility in cyclic compression
measurements. Furthermore, conducting 2000 dynamic
loading-unloading tests at 1 Hz and 5 N demonstrates
minimal drift or hysteresis in the output voltage signal, verify-
ing the mechanical durability of our TCBPS (Fig. 3d). In
addition to the sensitivity and durability, the response speed
also plays an essential role in monitoring biomechanical
signals. The response time of the sensor is defined as the time
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Fig. 3 Electromechanical characterization of the TCBPS. (a) Diagram of
the measurement platform. (b) Voltage versus force curves for the
TCBPS with different ZnO contents when the force ranges from 1 to 30
N. (c) Robust response of voltage output of the TCBPS under different
magnitudes of forces. (d) Cyclic stability test of the TCBPS over 2000
cycles under 1 Hz and 5 N. (e) Response time of the TCBPS at the fre-
quency of 1 Hz. (f) Switching polarity test under forward and reverse
connections.

it takes for the voltage to rise from 10% to 90% (7;) or fall
from 90% to 10% (T¢) when pressure is applied.*® Analysis of
the voltage versus time relationship reveals that both 7, and T
are approximately 8 ms (Fig. 3e). This fast response is attribu-
ted to the quick alignment or recovery of the dipoles in PVDF
and the fast stress release of the nanofiber structure since
there is an ample gap between the fibers to release the
stress.*” When the electrodes were connected in reverse, the
overall polarization direction of the -CH,/-CF, dipoles
changed, causing a switch in the amplitude of the output
voltage.’® This phenomenon indicates that the measured
output voltage is a genuine piezoelectric voltage, not generated
by any instrumental artifacts (Fig. 3f).

Since manic episodes are accompanied by strong excite-
ment and spikes in blood pressure, to assist in the auxiliary
diagnosis and long-term management of bipolar disorder, our
TCBPS is utilized to measure pulse wave signals and convert
them into blood pressure. By attaching the TCBPS to the skin
surface, the weak changes of arterial pulsations are captured.
When the arteries pulse, the sensor generates corresponding
voltage signals, which can be reconstructed into a pulse wave-
form through data collection and processing. Experiments
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Fig. 4 Arterial pulse wave detection and blood pressure measurement
using our TCBPS. (a) Pulse wave signals detected from different arteries,
including temporal, carotid, brachial, radial, and dorsal pedal arteries. (b)
Definition of pulse transit time. (c) Temporal artery pulse waveforms
recorded by the TCBPS, (d) ECG signals recorded by the commercial
Ag/AgCl electrodes, and (e) Calculated DBP and SBP before exercise. (f)
Temporal artery pulse waveforms recorded by the TCBPS, (g) ECG
signals recorded by the commercial Ag/AgCl electrodes, and (h)
Calculated DBP and SBP after exercise.

were conducted in the head (temporal artery), neck (carotid
artery), arm (brachial artery), wrist (radial artery), and ankle
(dorsal pedal artery). The results show that our TCBPS can
accurately measure pulse wave signals from various arteries,
fully confirming its high sensitivity and broad applicability
(Fig. 4a). By connecting two commercial Ag/AgCl electrodes to
our TCBPS, it is feasible to calculate blood pressure from the
time interval between the peak of the electrocardiogram (ECG)
signal, R, and the peak of the pulse waveform, P1, during the
same cardiac cycle, which is defined as the pulse transit time
(PTT) (Fig. 4b). PTT signifies the speed of arterial pulse propa-
gation between proximal and distal arteries, exhibiting a
strong correlation with blood pressure. Diastolic blood
pressure (DBP) and systolic blood pressure (SBP) are calculated
according to the following equations:**

SBP, 2DBP PTT, SBP, — DBP,) PTT?
DBP ="+ ®+Aln 0) _ (SBPs ) 0
3 3 PTT
(3)
PTT2
SBP = DBP + (SBP; — DBP;) ——2 (4)

PTT?

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr06297j

Published on 17 January 2024. Downloaded on 1/29/2026 12:20:52 PM.

Nanoscale

where SBP, and DBP, represent the measured values from
commercial sphygmomanometers, used for calibration to initi-
alize the monitoring sensor and convert the measured time
delay into absolute blood pressure values. A stands for the
subject-dependent coefficient, while PTT, denotes the initial
PTT of the first recording cycle. The TCBPS was made to be
1 x 1 cm?® in size to direct contact with the skin without being
affected by the hair. For the monitoring of blood pressure, the
TCBPS was affixed to the skin corresponding to the temporal
artery (Fig. S4at), and the ECG electrodes were attached to
both sides of the neck (Fig. S4bt). Pulse wave signals (Fig. 4c
and f) and ECG signals (Fig. 4d and g) were recorded before
and after exercise. Calculated diastolic and systolic blood
pressure values exhibited significant changes pre- and post-
exercise and closely matched the readings from the commer-
cial sphygmomanometer (Fig. 4e and h). This non-invasively
and continuous monitoring of blood pressure helps patients
with bipolar disorder manage their cardiovascular health and
provides personalized treatment for them.>”

Given that the variance in blood pressure between depress-
ive episodes and normal conditions is minimal,>*>* we detect
blink frequency for fatigue assessment, thereby enhancing the
accuracy of depressive episode recognition.>®>” The TCBPS is
capable of capturing the deformation of eye muscles during
intermittent blinks and continuous blinks. By affixing the
TCBPS to three locations around the left eye (Fig. 5a), intermit-
tent blinks (Fig. 5¢, e and g) and continuous blinks (Fig. 5d, f
and h) signals are captured. During blinking, contractions or
relaxations of the orbicularis oculi and other eye muscles
cause the sensor to bend, generating a voltage signal (Fig. 5b).
During intermittent blinks, the average output voltage for eye
closure and opening was 94.7 and —53.9 mV, respectively,
when the TCBPS was affixed to the upper eyelid (Fig. 5¢), 9.7
and —4.2 mV to the temporal skin (Fig. 5e), and 46.6 and
—21.1 mV to the lower eyelid (Fig. 5g). As the upper eyelid exhi-
bits the most movement during blinking, followed by the
lower eyelid and then the temporal skin, the voltage changes
follow this pattern,”® demonstrating that our TCBPS can
capture blink signals with high accuracy. With increasing
blink frequency (>3 Hz), it is observed that the TCBPS could
record the voltage output at each blink without signal loss,
which is due to the quick response of our sensor. By measur-
ing eye blink signals, our TCBPS permits an effective assess-
ment of the fatigue level, which is one of the most prominent
symptoms in the depressive phase of bipolar disorder
patients.”® Compared to measuring eye blinks through face
recognition, the TCBPS affixed around the eye is free from
factors such as ambient light and facial occlusion, ensuring
the accuracy of the data.®°

Emotion, a crucial indicator for swiftly assessing a patient’s
mental state,®"®> can be discerned through the detection and
analysis of speech signals which has been widely used in
mental health as a non-invasive and efficient method.®*™°°
Hence, it is a promising method for detecting bipolar disorder
by speech signals. To evaluate the acoustic performance of our
TCBPS, we affixed the sensor to a loudspeaker, as shown in

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Detection of eye blink signals. (a) Photograph of a face showing
3 sensing locations (upper eyelid, temporal skin, and lower eyelid) for
eye blink measurement. (b) lllustration of TCBPS bending and releasing
motion. Voltage output of intermittent blinks and continuous blinks on
(c and d) upper eyelid, (e and f) temporal skin, and (g and h) lower
eyelid.

Fig. 6a. This setup allows us to convert mechanical energy gen-
erated by sound vibration into an electrical signal. At a fre-
quency of 300 Hz, as the sound pressure level (SPL) increased
from 75 dB to 110 dB, the corresponding output voltage of our
TCBPS escalated from 7 mV to 284 mV (Fig. 6b). Notably,
within the range of 100 to 110 dB, the voltage output displayed
a rapid increase proportional to the SPL. This substantial
surge in voltage output resulted from amplified deformation
and vibration. With increased SPL, the surface strain of the
material expanded, leading to more energy conversion into res-
onant mechanical energy within the material. Moreover, the
augmentation in resonance amplitude contributed signifi-
cantly to the alteration in dipole moment.®® Fig. 6¢ depicts the
relationship between the voltage output and the sound fre-
quency. The TCBPS exhibited heightened sensitivity to low-fre-
quency sounds within the frequency range of 100 to 2000 Hz,
with the maximum electrical output observed near 300 Hz.
Additionally, when subjected to continuous 300 Hz and 95 dB
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sound stimuli, the output voltage experienced negligible decay
within a span of 2 h (Fig. 6d). We placed the TCBPS against
the larynx (Fig. S57) to record the voltage signal when a “nano-
scale” was read. Compared to the microphone, the sensor exhi-
bits a higher frequency and temporal resolution (Fig. S67).

On this basis, we successfully recognized emotions using
speech signals captured by our TCBPS. The speech data from
the CASIA (the Chinese Academy of Sciences’ Institute of
Automation) Chinese affective corpus was used as the sound
source to preserve emotional accuracy and avoid introducing
personal bias, and the sound was sent to the TCBPS through
the loudspeaker. We have recorded 60 audio vibration signals
using the TCBPS with a sampling frequency of 20 kHz. Each
was manually classified and tagged with 4 emotion labels:
happy, calm, sad, and angry, respectively. The ratio of the
training set to the testing set was 8:2 in this study. Before
training, the raw vibration data defined by 4 emotion
expressions, 15 for each and lasting for approximately 1

(a) (b)

%8
g 3

Voltage (mV)
A
g 8
—

g 8
\

7 80 90 100 110
Sound Pressure Level (dB)

Time ()

Voltage (mV)
S e
8 & 8 8
—

P —
Voltage (mV)
g 8

Voltage (V)

|/

500 1000 1500 2000 o 1
Frequency (Hz) Time (h)

(e)

Happy Calm Sad Angry

o s 70 75 30 s
Time (s)

u)

3
? Amplitude (.
¥

20 25 30 35
Time (5)

1D Conv k=1 1D Conv k=3 1D Conv k=5
MaxPooling Linear FC

Happy
|::> |:> :> Calm
®
Sad
®

Angry

Fig. 6 Acoustoelectric conversion characteristics of the TCBPS and
speech emotion recognition. (a) Schematic diagram of the TCBPS
placed on a loudspeaker to monitor the sound vibration. (b) Voltage
output as a function of different SPL. (c) Responses of the TCBPS under
different frequencies. (d) The voltage output of the TCBPS under long-
term sound wave driving. (e) The speech signal and Mel-spectrograms
of four emotions: happy, calm, sad, and angry. (f) The diagram of the
emotion recognition model.
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second, were pre-processed by a band-pass filter to eliminate
the extremely low or high-frequency signals. The speech signal
was transferred into the frequency-domine Mel-spectrogram
for better feature capture and emotion classification. The fil-
tered signals were first cut into small frames by a Hann
window with a window size of 1024 milliseconds and a hop
length of 320 milliseconds. Then, the acoustic frames went
through a Fast Fourier Transform (FFT) and an 80-band Mel-
filter to transform from time-domain waveform into frequency-
domain Mel-spectrograms, as seen in Fig. 6e. The 80 channels
Mel-spectrogram were directly sent into our convolutional
neural network (CNN) classifier for emotion discrimination.
The classifier is a CNN-based structure and consists mainly of
a 5-layer CNN, each with a kernel size of [1, 1, 3, 3, 5]. The
different kernel sizes for a set of CNNs help the model deeply
and widely capture the latent features from the input speech
signal. Then, the hidden states went through a MaxPooling
layer that helps reduce the computational cost and variance.
Following the MaxPooling layer are the linear and fully con-
nected layers, which are responsible for an emotion projection
as a final classification result. The detailed schematic diagram
of the model can be found in Fig. 6f. The accuracy for 4
emotion classification achieves 75% in total based on the
input vibration signal collected from the proposed sensor
(Table S37). For patients with bipolar disorder, the manic or
depressive phase lasts for several days. For instance, most of
the time patients in the manic phase have their moods discri-
minated as happy or angry, and only a few times are they dis-
criminated as sad or calm. Statistics and analysis of character-
istics such as the frequency of mood swings, the occurrence
frequency and duration of different moods can be beneficial in
the diagnosis of bipolar disorder.®”

Conclusions

In summary, we present an ultralow-cost, mass-productive
piezoelectric sensor by integrating PVDF/ZnO nanofiber film
and two copper foils in a thermal compression bonding
process. Incorporating ZnO into PVDF nanofibers significantly
enhances the energy conversion efficiency of the TCBPS, show-
casing a superior sensitivity of 13.4 mV N~'. Furthermore, our
TCBPS exhibits a quick response time of ~8 ms and sustained
stability over 2000 cycles. Best of all, it harvests the benefits in
terms of ultralow cost and ease of manufacture. We collected
pulse wave, blink, and speech signals, and applied them for
blood pressure calculation, fatigue assessment, and emotion
recognition, respectively. Accordingly, we proposed a unified
biomechanical model proficient in monitoring physiological
traits associated with bipolar disorder. This cost-effective and
mass-producible piezoelectric sensor holds tremendous poten-
tial for long-term monitoring and real-time feedback in
bipolar disorder. Its affordability, accuracy, and reliability
make it ideal for large-scale application among patient popu-
lations, thereby shedding new light on the possibilities for
refined monitoring and diagnosis.

This journal is © The Royal Society of Chemistry 2024
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