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Highlights

• Lead free ferroelectric ceramics were synthesized by ceramic

technology.

• PENG delivered voltage, current, and power density of 25 V, 92 nA, and

0.64 μW.

• Biomechanical energy harvesting from daily human activities.

• Detection of obstructive sleep disorder using self-powered systems and

CNN.

Abstract

Lead-free piezoelectric ceramic is a promising material for energy harvesters, as they have superior

electromechanical, ferroelectric, and piezoelectric properties. In addition, piezoelectric ceramics can

be blended with polymer to achieve high-flexibility polymer-ceramic composites, providing

mechanical robustness and stability. In this context, a new lead-free ferroelectric material, having the

chemical formula SrTi O  (STO), was synthesized using a high-temperature solid-state reaction.

Detailed analyses of the structural, morphological, and electrical properties of the synthesized

material were performed. STO crystallizes with orthorhombic symmetry and space group of Cmm2.

The frequency and temperature-dependent dielectric parameters were evaluated, and impedance

spectroscopy shed light on the charge dynamics. The PDMS-STO composites at different mass

fraction of the STO were prepared using a solvent casting route, and a corresponding piezoelectric

nanogenerator (PENG) was developed. The electrical output of the different PENG by varying

massfractions of STO in PDMS and varying force were investigated. The 15% (in mass) PENG device

delivered the highest peak-to-peak voltage, current, and power density of 25 V, 92 nA, and 0.64 μW @

500 MΩ, respectively. The biomechanical energy harvesting using the PENG device by daily human

motions, bending of the device, and attaching the device to laboratory equipment was demonstrated.

Later the PENG device was attached to the human throat region, and snoring signals were recorded. A

classification model was designed employing the convolutional neural network (CNN) model. Efforts

have been laid to differentiate between normal and abnormal snores, which could help the patient

with screening and early disease detection, contributing to self-powered healthcare applications.
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1. Introduction

A common respiratory disease associated with sleep called obstructive sleep apnea (OSA) can have

terrible consequences [1,2]. According to estimates, 936 million adults between the ages of 30–69

have moderate to severe OSA, which can also cause additional health issues like ischemic stroke,

coronary heart disease, angina pectoris, and poor sleep habits. It may also result in elevated blood

pressure, pulmonary edema, and irregular heartbeats, which can result in premature death [3]. As a

result, we must closely monitor OSA symptoms as they appear. More than 80% of OSA sufferers

report snoring as their most prevalent and early symptom [4]. The narrow oropharynx of the upper

airway (UA) causes turbulent airflow, which can cause soft tissues to vibrate and produce snoring.

Based on the size and shape of the UA, different snoring patterns with different sounds or

frequencies are produced. As a result, the snoring frequencies of signals produced by respiratory

distress and mild snorers may vary [5]. It can be identified by a temporary pause of breathing

accompanied by a complete restriction of the UA, despite continued abdomen and chest wall motions

[6]. Overnight multi-channel polysomnography (PSG) is the standard method for diagnosing OSA,

which could be labor and time-intensive to set up and analyze [7]. The proper medical procedures

may require specific assistance at the test site and are also not a cost-effective technology. Hence a

possible alternative is to diagnose OSA more quickly and cost-effectively by analyzing the signal of

snore generated by the PENG during normal and abnormal snoring events. In this study,

Convolutional Neural Network (CNN) and Gramian Angular Summation Field (GASF) techniques are

used to predict the accuracy and efficiency of snoring patterns.

Wearable electronic devices have become of great public interest since the 1990s, aiming to provide

users with a way to manage their health problems and take clinician help quickly to recover [8]. To
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sense, analyze, and transmit data continuously, these wearables depend on a continuous power

source such as a battery [9,10]. The battery suffers several demerits, such as low lifetime, less

accessibility, and environmental pollution [11]. Unlike solar or wind, kinetic energy sources are not

dependent on time and location [12]. Energy can be harvested by employing one or a combination of

transduction mechanisms such as electromagnetic, triboelectric, and piezoelectric [[13], [14], [15],

[16], [17]]. The piezoelectric energy harvesting mechanism uses a piezoelectric material that can

directly convert mechanical vibrations into electrical energy [18,19]. Therefore, their device design is

easily integrated with wearables and sensitive to small displacements/vibrations.

Industries and research groups widely use piezoelectric materials such as lead zirconate titanate

(PZT) [20,21]. However, such types of lead-based materials are bar shortly by future electronics

development owing to their toxicity and adverse effect on ecology [22]. In this context, finding an

alternative material with superior electromechanical and high piezoelectric properties is the need of

the hour. Lead-free materials are a possible candidate for piezoelectric energy harvesters as they are

chemically stable, have tunable properties, and can be applied to use as capacitors, sensors, or

memory devices [[23], [24], [25]]. STO comes from the Sr Ti O compound class. In this class,

SrTiO  is widely investigated, having a cubic symmetry and space group: Pm3m [26]. This system has

a colossal dielectric constant, low leakage current, and high tunability. According to the material

project datasheet, Panda et al. suggested that the new titanate system STO crystallizes in the

orthorhombic symmetry having space group Cmm2 corresponding to a polar space group. They also

claim ferroelectric properties exist in materials with polar space groups [27]. In this context, TiO -

modified SrTiO  as a new ferroelectric system is investigated, and flexible polymer-ceramic

composites act as a base for PENG design. STO comprises unidentical Sr  and Ti  sites. The

distortion of TiO  octahedra and TiO  trigonal bipyramids leads to the origin of ferroelectricity in STO

[28]. The STO structure is similar to the BaTi O  which also shows ferroelectricity from Ti  ions

displacement and is thermodynamically originating in the temperature range between (1 220–1

230 °C) as a metastable phase [29,30]. Fisher et al. have also reported that SrTi O  patterns, such as

perovskite-derived structures with intermixing of the Sr and Ti cations on (001) planes, should

exhibit loss of symmetry and greatly reduced intensity in diffraction scans for the (001) and (003)

perovskite peaks. More research is needed to pinpoint the exact structural incorporation mechanism

in SrTi O  film [31]. Hence, STO can act as a promising piezoelectric material for widespread

applications. Flexibility is an important consideration in mechanical energy harvesters since it allows

for a wide range of applicability to actualize a body-mountable energy harvester. Previously, it was

shown that composite-based materials work well in mechanical energy harvesting [32,33].

Polydimethylsiloxane (PDMS) is frequently employed as a host polymer to build a piezoelectric

composite owning to its low Young's modulus, appropriate biocompatibility, outstanding

transparency, cost-effectiveness, strong thermal and chemical durability [34,35]. Table S1 compares

state-of-the-art PDMS-ceramics composites based on PENG and the present study.

In this work, a new class of ferroelectric material STO was synthesized with the correlation of several

dielectric, ferroelectric and structural properties. The polymer-ceramic composites with different

mass fraction of STO in PDMS were used in designing PENG. The various electrical response of the

PENG devices was evaluated to optimize the best composition. The charging of the capacitors and

biomechanical energy harvesting of the PENG device was demonstrated to showcase the importance

of PENG as a reliable energy scavenger. The computational approach was used to differentiate the

various type of snoring patterns and evaluate the accuracy of the PENG device. Such self-powered
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and battery-free sleep monitoring units can benefit patients by recognizing and treating their

problems to ensure good health.

2. Experimental

STO particles were synthesized using a solid-state reaction route. At first, proper amounts of high-

purity starting oxides and carbonates, such as strontium carbonate and titanium oxide, were mixed

using wet grinding in an agate mortar pestle. Then the consistently mixed powder was moved to an

alumina crucible inside a muffle furnace. The calcination temperature of 900 °C for 5 h was

programmed. After that, the fine particles of STO were obtained. To measure the dielectric and

impedance properties, disc shape pellets were fabricated. The powder was mixed with organic binder

polyvinyl alcohol, and cold pressure was applied using a hydraulic press, converting the powder into

a pellet shape. The pellets were kept in an alumina tray and placed inside the furnace, where the

sintering was carried out at an elevated temperature of 1 000 °C for 5 h. The sintered pellet was

painted with silver paste on the opposite side and directly utilized to measure electrical properties.

The STO particles were mixed with polydimethylsiloxane (PDMS) to form polymer-ceramic

composites. The PDMS was mixed in a ratio of 10:1 (monomer: hardener) and stirred using a glass

rod for 10 min. Then different mass fraction of the STO particles were mixed carefully, and stirring

continued. After the powder and polymer are mixed homogenously, it was cast upon a glass Petri

plate. Further, it was transferred into a vacuum oven and kept at 70 °C for 5 h to dry. Then a flexible

free-standing PDMS-STO composite was obtained. For making PENG, the composite film was cut into

3 cm × 3 cm, and aluminum foil electrodes of 2 cm × 2 cm were attached. The copper wires were

connected to the aluminum using the silver paste, and finally, the device was encapsulated using an

antistatic tape. Further, the poling of all fabricated PENG devices was carried out by a high-voltage DC

poling unit under 2 kV for 1 h.

The structural information about the STO sample was traced using a powder X-Ray Diffractometer

(M/S Panalytical Empyrean, Netherlands) having Cu-K  radiation and a step size of 2° per minute. The

X-ray tomography beamline imaging was performed at the Synchrotron Light Research Institute

(SLRI) in Nakhon Ratchasima, Thailand. A 2.2-T multipole wiggler in the Siam Photon Source operated

at 1.2 GV generated synchrotron radiation X-rays from a filtered polychromatic beam at an energy of

11.5 kV and 32 m, and source-to-sample distance was kept unchanged. Drishti software was utilized

to render 3D representations of the tomographic volumes of the composites.

The surface morphology of composite and powder was obtained using a scanning electron

microscope (M/S SU-8230 Hitachi, Japan), and composition was quantified by an EDS detector

manufactured by Oxford Instruments. The Raman modes were traced at room temperature using a

Raman spectrometer (M/S Renishaw inVia Qontor, UK) at 633 nm excitation wavelength. The

hysteresis loop was recorded at room temperature using a ferroelectric loop tester (M/S Marine

India). An impedance analyzer (M/S Hioki IM3470, Japan) measured the electrical properties of the

samples at a wide range of frequencies and temperatures. A programmable linear motor (M/S LinMot,

USA) applied periodic forces to a PENG device. The PENG output was recorded using an electrometer

(M/S Keithley, USA) and a lab view program. Computer software such as Matlab R2018a and Python

3.7 analyzed the snoring and framing of CNN.
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3. Results and discussion

Fig. 1 depicts the synthesis approaches of STO particles formed by the solid-state route at high

temperatures (a). The mixture was then combined with PDMS polymer, using a PDMS ratio of

monomer: hardener (10:1). After homogeneous mixing, it was placed onto a glass Petri dish and

dried for 5 h at 70 °C in a convection oven. The PDMS-STO composites' flexible, free-standing film was

later employed to make energy harvesters. The composite film is extremely rollable, flexible, and

stretchable, as shown in Fig. 1(b). The PENG device's operation is depicted in Fig. 1(c), where there are

three conditions: (i) initial, (ii) with force, and (iii) without force. The poling mechanism assisted

dipoles in orienting themselves in the direction of an applied field. There is no formation of electrical

output in the initial state since the device remain in an equilibrium state. As by applying the vertical

compressive force is applied in to PENG, a compressive strain causes total polarization of the

composite, resulting in a piezoelectric potential between the top and bottom electrodes. External free

charges will move and accumulate at the electrodes to screen the piezoelectric potential. During this

process, an output signal from the PENG can be detected. When the vertical mechanical force is

removed, the vertical strain and piezoelectric potential between the two electrodes of PENG slowly

vanish. The accumulated charges travel in the opposite direction, producing a negative electric signal.

Due to the good elasticity of the PDMS matrix, a small tensile strain will be produced after the first

return to the original state, resulting in a reverse piezoelectric potential. As previously stated, output

pulse signals from the PENG device were obtained while the external compressive force was

continuously applied and released.

Download: Download high-res image (791KB)

Download: Download full-size image

Fig. 1. Synthesis route. (a) synthesis methodology of polymer ceramic (PDMS-STO) composites; (b)

digital image of composite film showing high flexibility, stretchability, and rollable features and (c)

working mechanism of PDMS-STO composite-based PENG device.

Fig. 2(a) displays the molecular structure of the prepared STO material constructed using VESTA

software and the. CIF file was obtained from crystal structure library “The materials Project”. The
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surface morphology of the prepared STO was characterized using FESEM and shown in Fig. 2(b). The

morphology reveals an irregular and significantly random size distribution of particles. Fig. S2 shows

the X-ray tomographic image of the PDMS-STO composites showing a uniform distribution of the

STO particles over the PDMS matrix. To confirm the chemical structure and the structural distortion

in the presently investigated STO sample, the Raman spectrum was obtained in the spectral range of

10–1 000 cm  and displayed in Fig. 2(c). It can be seen that the Raman spectrum exhibits nine bands

at 107, 144, 195, 239∗, 401, 447, 515, 612∗, 639 and 797 cm . Among these, the Raman bands at 144,

195, 239, 401, 447, 515, 612, 640 and 797 cm  confirm the presence of the Ti  state in the STO

sample. The orthorhombic space group of STO is expected to crystallize in TiO SrTiO  form such that

there are three Ti  sites: (i) in the first Ti  site, Ti  is expected to bond with six O  atoms to form

distorted TiO₆ octahedra, (ii) Similarly, the Ti  site bonds in a five-coordinate geometry to five

number of O  atoms in the second Ti  site, and finally (iii) Ti  is also bonded to five O  atoms to

form the structure of distorted TiO  trigonal bipyramids in the third Ti  site [27]. On the other hand,

Raman bands at 107, 171, 239∗ and 612∗ cm  reveal the presence of the Sr  state in the sample [[36],

[37], [38]]. As with Ti , Sr  is also expected to be in 3 sites: (i) Sr  bonds with four O  atoms, six

O  atoms, and eight O  atoms in the first, second and third sites of Sr  in the respective coordinate

geometries. These observations agree with the structural information obtained from the XRD results,

confirming the formation of the SrTi O  structure in the studied STO sample.

Download: Download high-res image (1MB)

Download: Download full-size image

Fig. 2. Physio-chemical properties of STO. (a) Molecular structure; (b) Surface morphology; (c)

Raman spectra; (d) XRD pattern; (e) EDS spectra, mole fraction of each element and elemental color

mapping and (f) P-E loop of the STO sample.

The X-ray diffraction (XRD) pattern was obtained to understand the crystal structure of the prepared

STO sample, as shown in Fig. 2(d). The acquired XRD pattern was compared with the XRD patterns of

TiO  and SrTiO  individually (not shown here), and it is found that there are no exact matches with
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the individual phases of TiO  and SrTiO  [[39], [40], [41]]. Hence, it is believed that the STO sample

exhibits a new class of material with the possible structure of SrTi O , i.e., TiO SrTiO , called

polycrystalline orthorhombic structure having a space group of Cmm2 (35), as reported by Panda et al.

[27]. Limited references are available in this new material; thus, the obtained XRD pattern can be

compared only with the study reported by Panda et al. A detailed study using various structural and

microstructural analyses is the main scope of future work. The POWD-MULT software was utilized to

check the experimental pattern with different symmetry, and finally, it matched well with the

orthorhombic phase. The lattice parameters are found to be a = b = 9.11 Å and c = 11.55 Å.

To study the presence of any impurity elements/phases and to confirm the uniformity of the

elements present, the EDS analysis of the STO sample was investigated and presented in Fig. 2(e). It

can be seen that all elements are quite similar to the base composition without the presence of any

impurity. Further, the EDS elemental mapping noticeably shows the highly homogeneous

distribution of Sr, Ti and O elements, confirming the formation of STO without any impurity phases,

even down to a smaller regime. Fig. 2(f) shows the ferroelectric behavior of STO. The P-E loop of the

STO at room temperature shows a remnant polarization of 0.07 μC/cm . It is well known that all

ferroelectric materials are piezoelectric. Hence STO material can be a good candidate for designing

PENG. The P-E loop of the PDMS and PDMS-STO 15% composite is shown in Fig. S3. Due to the STO

particles in the PDMS, there is a notable amplification of internal polarization in the composite.

Fig. 3(a-b) shows the frequency-dependent dielectric constant and dielectric loss of the STO material

at various temperatures. At low frequencies, the dielectric constant increases, which can be

attributed to the activation of all polarization in that region, while the loss factor rise is attributed to

the dominance of DC conductivity [42,43]. As the frequency increases for all temperatures, the loss

and dielectric constant value decrease. The inertial effect of the dipoles and reduction of space charge

polarization at higher frequencies could reduce the dielectric constant. At higher frequencies, the

variation of an electric field is rapidly changing, so the dipoles cannot follow it, leading to a decrease

in the dielectric constant value [44,45]. Fig. 3(c and d) shows the temperature-dependent dielectric

constant and loss at various frequencies. The temperature-dependent dielectric constant is useful to

shed light on the curie temperature of the material. However, it can be observed that with the rise in

temperature at various frequencies, the value of the dielectric constant keeps on rising. It can be said

that the Curie temperature or phase transition temperature lies well above the experimental

temperature range of 500 °C. The increased loss factor in the higher temperature region may be due

to the thermally activated charge carriers that take part in the conduction process and increase

dielectric loss [46]. The relative permittivity of the PDMS matrix (ε  = 3) can be improved by

incorporating piezoelectric particles (STO) having high relative permittivity (ε  = 550) at room

temperature. Fig. S4 shows the frequency-dependent dielectric constant of PDMS and PDMS-STO15%

(in mass, the same below) at room temperature.
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2
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Fig. 3. Electrical properties of STO. (a–b) Frequency-dependent dielectric constant and dielectric loss

at different temperatures; (c–d) Temperature-dependent dielectric constant and dielectric loss at

different frequencies and (e–f) Frequency-dependent real-imaginary part of impedance at different

temperatures of the STO sample.

Further, 2%, 5%, 10%, 15% and 20% STO particles were blended in the PDMS matrix to form the

composites. The corresponding effective permittivity (ε ) of the composites is expressed as

ε  = ε f  + ε  f . f  and f  correspond to volume fractions of the PDMS matrix and STO

particles, respectively. According to fundamental piezoelectric theory, the piezoelectric coefficient

(d ) of composite films can be assessed using the piezoelectric voltage constant (g ) and the

effective relative permittivity (ε ) of the composite film [47]. The relationship can be given by

d  = g  × (ε ε ). Hence the dielectric properties are directly correlated to the piezoelectric properties

of the material. The voltage output of the PENG is directly related to the relative permittivity and

piezoelectric coefficient given by V  = g σYt where the piezoelectric voltage constant is g , Y is

Young's modulus of composite, t is the thickness of the material, σ is the strain in the perpendicular

direction. The frequency-dependent real and imaginary part of the impedance at various

temperatures is shown in Fig. 3(e-f). From the real part of the impedance, as the temperature

increases, the value of Z′ first increases and then decreases, confirming that there is a contribution of

both negative and positive temperature coefficient resistance in the STO. The imaginary part of

impedance Z″ versus frequency depicts the non-Debye relaxation nature of the STO sample.

The PENG was fabricated by utilizing various composites 2%STO-PDMS (PSTO2), 5%STO-PDMS

(PSTO5), 10%STO-PDMS (PSTO10), 15%STO-PDMS (PSTO15) and 20%STO-PDMS (PSTO20) respectively.

Fig. 4(a-b) shows the voltage and current of different PENG devices at different mass fraction. The

voltage and current output value are enhanced until PSTO15 and then decrease. It can be noted that

increasing 20% STO into PDMS lead to particle agglomeration, causing the decline in output as force

eff
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cannot be distributed properly to the composites. Fig. 4(c) shows the current output of the PSTO15

device at various forces. It can be seen that by keeping the frequency constant at 2 Hz, the current

output rises steadily with increasing force. Fig. 4(d) shows the long-term stability of the PSTO15

device, confirming that the peak-to-peak voltage amplitude is constant for a longer period. Fig. 4(e)

shows the load matching analysis; the PSTO15 device voltage increases at various load resistance

levels. As per the Ohms law, the voltage should increase as resistance increases, and the same trend is

followed. The highest power of the PSTO15 device is measured to be 0.648 μW at 500 MΩ. The

switching polarity test was conducted to confirm that the output originated from the PENG in

Fig. 4(f). The capacitors were charged using PENG and a bridge rectifier. The rectifier circuit helps to

convert the AC signal of PENG to the DC signal. Fig. 4(g) shows the charging of the capacitors (0.1 and

1 μF) using the PENG. Fig. 4(h) shows the charging and discharging of the 0.1 μF capacitor, and the

output is stable for a longer period. Fig. 4(i) shows the stored charge in the capacitors, which is

calculated using the formula Q = CV (where Q = charge, C = capacitance, V = voltage).
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Fig. 4. Electrical response of the PENG device. (a–b) voltage and current of different PENG devices

made from different mass fraction (%) of STO with PDMS; (c) voltage response of the PSTO15 device

at different applied forces; (d) Long-period output stability of the PSTO15 device for 1 000 s; (e)

power and voltage response of the PSTO15 device at different load resistance; (f) Voltage output of

the PSTO15 device using forward and reverse connection (switching polarity test); (g) Charging of

capacitors using PSTO15 device; (h) charging and discharging of the 1 μF capacitor and (i) stored

charge at various capacitors.
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Fig. 5(a-b) shows the voltage and current output of the PSTO15 device by bending and releasing. The

voltage of 1.8 V and current of 4 nA is generated, confirming that the fabricated PSTO15 device is

highly flexible and bendable. Fig. 5(c) shows the digital picture of the finger tapping of the PENG, the

bending of the PENG, and the PENG attached to a vortex mixture. Fig. 5(d–f) show the voltage

generated by the PENG under various conditions, such as finger tapping, a vibration of the vortex

mixture, and coin dropping. A voltage of 14.4, 0.10 and 0.06 V are generated during finger tapping, a

vibration of the vortex mixture, and coin dropping, respectively. A current of 60.00, 0.17 nA, and

0.13 nA are generated during finger tapping, a vibration of vortex mixture, and coin dropping,

respectively, as shown in Fig. 5(g-i). Hence it can be confirmed that the PENG device can harvest

energy from low-frequency vibrations in our daily life.
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Fig. 5. Biomechanical energy harvesting. (a–b) voltage and current response of the PSTO15 device

upon bending; (c) digital image of the PENG device being bent, a finger tapped and attached to the

vortex mixer; (d, g) voltage and current output of PSTO15 PENG device upon finger tapping; (e, h)
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voltage and current output of PSTO15 PENG device upon vibration from vortex mixer; (f, i) voltage

and current output of PSTO15 PENG device upon coin dropping.

Sensor-based healthcare recognition has been gaining interest to improve accuracy and practicality. It

has been noted that some of the existing machine learning approaches may perform worse in noisy,

non-stationary, and system-uncertain environments, which may result in poor classification due to

the possibility of under/overfitting data. As a result, it is necessary to build an effective strategy

under these operational conditions. To benefit from CNN's superior performance in image

classification, a novel technique that combines GASF and CNN is presented in this study. Fig. 6(a)

shows a schematic diagram of a healthy person's normal airflow and a person with OSA's obstructive

airflow. The PENG was attached to the volunteer's throat larynx area, as shown by a digital picture.

The collected outputs had various conditions, such as breathing pauses, periods of shallow breathing,

loud snoring, and choking or snorting sounds, as well as the mild snoring pattern of a normal person.

The output provided by the PENG was fed to CNN to evaluate the accuracy and effectiveness of

identifying the disorder. Several time series signals representing various images resulted in different

image feature generation. Each image's input to the CNN model is 200 pixels wide and 200 pixels

high. For training, 250 photos from each class are chosen, and the division of this training set is done

at random. Each training set includes 100 pictures; 25 photos from each class are used for testing.

Fig. 6(b and c) show the snoring signal detected from a normal and unhealthy person. In the inset, the

GASF image clearly distinguishes a widespread color concentration due to its low magnitude,

whereas a loud snoring signal exhibits more color concentration according to its magnitude level.

After training, the performance of the proposed system with the produced GASF images appears

promising. The accuracy and loss curves of the training procedure are shown in Fig. 6(d), and the test

set classification results are shown in Fig. 6(e). The results show that the overall classification

accuracy for test sets of four persons is 99.0%. These outcomes illustrate how well the GASF-CNN

system can classify data acquired from various persons. Fig. S5 a, b shows the snoring patterns and

corresponding GASF images of two more persons. Using these simple procedures, one can

successfully differentiate and diagnose a healthy and unfit individual suffering from OSA. Hence,

PENG can act as a cost-effective self-powered sleep monitoring device to identify the fatal OSA

disease early and treat the problem for a healthy lifestyle.
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Fig. 6. Self-powered detection of obstructive sleep using convolutional neural network model. (a)

Illustration showing normal breathing and irregular breathing process leading to snoring and

symptoms of obstructive sleep; (b, c) voltage response from the PSTO15 PENG device attached to the

throat region and the 2D images transferred by using the GASF (inset) of the normal and unhealthy

individual; (d) The loss curve and accuracy of the presented GASF-CNN model and (e) Classification

results of GASF-CNN.

4. Conclusion

The lead-free polymer-ceramic composites have robust stability and flexibility to act as a base for

piezoelectric energy harvesters. STO was synthesized by a mixed oxide route at high temperatures.

Further structural, microstructural, and electrical properties of the synthesized material were

correlated. STO has orthorhombic symmetry. PDMS-STO composites at different mass fraction of the

STO were prepared using a solvent casting route to design and build a PENG. The PSTO15 device gave

the highest peak-to-peak voltage, current, and power density of 25 V, 92 nA, and 0.64 μW @ 500 MΩ,

respectively. Various low-frequency vibrations from daily human motions, bending of the device, and

attaching the device to laboratory equipment were utilized to harvest waste energy into useable

electrical energy. The snoring signals were recorded by PENG attached to the human throat region.

The CNN model help to differentiate between normal and abnormal snores. Such self-powered

battery-free sleep monitoring units can help clinicians and patients to analyze their health problems

quickly for a healthy life.
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