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1. Introduction

The exploration of various renewable energy
sources and their integration into our daily
lives represents a promising solution to cur-
rent energy challenges.[1,2] Numerous non-
conventional energy sources are available,
offering diverse applications.[3] Among
these, harvesting electrical energy from
external mechanical energy stands out as
a cutting-edge approach with widespread
potential. Formechanical energy harvesting,
nanogenerators such as piezoelectric,[4]

triboelectric,[5,6] thermoelectric,[7,8] and
pyroelectric[9] devices are predominantly uti-
lized. So far piezoelectric nanogenerators
were reported for performing various real-
time applications ranging from biomechani-
cal energy harvesting, self-powered pressure
sensors, chemical sensors, humidity sen-
sors, flexion sensors, muscular monitoring,
gait monitoring, e-skins, and IoT-based
systems.[10,11] Among the different types of
nanogenerators, piezoelectric nanogenera-
tors (PENGs) offer significant advantages,
including self-powered capability, high dura-

bility, and mechanical stability.[12–18] Achieving high electrical out-
put depends critically on the selection of appropriate piezoelectric
materials. Certainmaterials with perovskite structures, such as lead
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Harvesting ambient mechanical energy from the environment has gained
immense interest due to its application in energy harvesting and active sensing.
Herein, an ABO3 class ferroelectric semiconductingmaterial BaTiO3 nanoparticles
are used, and Antimony (Sb) is used as a dopant, which can be able to enhance the
piezoelectric coefficient of BaTiO3 to a higher level, leading to increased energy-
harvesting performances. The fabricated antimony-doped barium titanate [Sb-
doped BaTiO3 designated as (BST)] is then blended with polydimethylsiloxane
(PDMS) to prepare a composite film. Electrodes are then attached with the
composite film on either side to fabricate the flexible composite piezoelectric
nanogenerator (FCF-PENG) device. The fabricated FCF-PENG device generates a
maximum electrical output of peak-to-peak 28 V and 1.5 μA, respectively. The
device also shows a good power density of 1.6mWm�2 at the load resistance of
80MΩ. At last, a real-time impact sensor was fabricated to employ the device as
the wearable impact sensor. The fabricated impact sensor detects the impact from
high to low upon the human collision impact tested within the laboratory and the
impact values are recorded and monitored with indicator using ESP32 micro-
controller and ThingSpeak cloud. The above analysis and the real-time experi-
ments proved that the fabricated impact sensor paves the way toward sports
healthcare and rehabilitation with Internet of Things (IoT) devices soon.
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zirconate titanate (PZT) and lead magnesium niobate-lead titanate
(PMN-PT), exhibit high piezoelectric coefficients.[19,20] However,
their major drawback lies in their lead content, which poses severe
risks to human health and the environment. With rapid advance-
ments in wearable electronics, there is an increasing demand for
self-powered sensors operating at nanoscale dimensions.[21] These
sensors must combine high stability, sensitivity, and feasibility for
nanoscale fabrication. Addressing this challenge involves develop-
ing wearable impact monitoring systems that can enhance patient
care through real-time impact detection.[22]

Among various lead-free piezoelectric materials such as potas-
sium sodium niobate (KNaNbO3), barium titanate (BaTiO3), zinc
oxide, and bismuth titanate (BiTiO3), BaTiO3 emerges as a prom-
ising alternative to lead-based piezoelectric materials due to its
simple fabrication process and a better piezoelectric coefficient
of around ≈120 pC/N, which can be comparable to PZT.
However, the piezoelectric coefficient of pure BTO is relatively
lower thanmost of the lead-based piezoelectricmaterials, resulting
in limited electrical output. Enhancing the piezoelectric properties
of BTO is achievable through appropriate doping.[23] The resulting
flexible composite film-based piezoelectric nanogenerator (FCF-
PENG) exhibits superior mechanical flexibility and enhanced
energy-harvesting capabilities.[24–30] The FCF-PENG is further
optimized to operate as a wearable energy-harvesting device, with
real-time applications demonstrated in sports and healthcare envi-
ronments.[31] The ability of these devices to dynamically monitor
mechanical impacts and transmit data wirelessly showcases
their potential for seamless integration into the Internet of Things
(IoT)-enabled systems[32–37] paving the way for advanced human–
machine interfaces and smart sensor technologies.[38–41]

In this work, we synthesized Sb-doped BTO nanoparticles
(designated as BST nanoparticles) using a solid-state reaction
method and characterized structurally using sophisticated char-
acterization techniques. Antimony has been doped into BTO at
various percentages without disturbing the tetragonal structure
of the BTO. The synthesized BST nanoparticles were blended
with the polydimethylsiloxane (PDMS) matrix to fabricate the
BST/PDMS composite films. The fabricated composite films
weremade into the required dimensions attached with electrodes
on either side, and packed with PDMS to fabricate the required
FCF-PENG device. The device demonstrated exceptional
mechanical flexibility, durability, and enhanced energy harvest-
ing performance, with the x= 0.07% Sb-doped BST composition
exhibiting the highest output among the samples. The fabricated
FCF-PENG device is capable of charging commercial capacitors
and additionally, FCF-PENG device was made into an on-body
wearable chest band with three devices placed to detect the colli-
sion impact during sports and athletic activities. The FCF-PENG
is then integrated into an IoT-enabled system using microcon-
trollers that is capable of real-time data acquisition, cloud-based
monitoring, and mobile alert generation.

2. Materials and Characterization

2.1. Synthesis of BST Nanoparticles

BST nanoparticles were synthesized via the solid-state reaction
(SSR) method. High-purity precursors, barium carbonate

(BaCO3, 99.5%), titanium dioxide (TiO2, 99.99%), and antimony
pentoxide (Sb2O5, 95%), were purchased from Merck and uti-
lized without further modification. Precursors were thoroughly
mixed using a mortar and pestle by using ethanol as a solvent to
ensure uniform blending. The resulting mixture was dried in a
hot air oven at 80 °C for 20min, yielding a homogeneous dry
powder. Composite was subjected to preliminary calcination
in a muffle furnace at 800 °C for 3 h to initiate the reaction
between the precursors and eliminate any residual volatile impu-
rities. Subsequently, composite was ground again to ensure
uniformity and heat treatment at 1100 °C for 4 h shown in
Figure 1a–c. This high-temperature treatment promoted
enhanced densification to form highly crystalline phase.[42,43]

2.2. Fabrication of PDMS/BST Composite Film

PDMS monomer and cross-linker were mixed (10:1 ratio) under
magnetic stirring for 20min to achieve a homogenous solution.
To this mixture, BST was added at a constant concentration of
7 wt%, and varying proportions of the PDMS mixture at 5, 10,
15, and 20 wt% were individually prepared and stirred further
for another 20min. Resulting mixtures were poured into
100 μm thickness molds and cured at 70 °C by using a hot air
oven for 2 h and yields to flexible composite films. Cured films
were cut into 3� 3 cm and attached with aluminum (Al) electro-
des to establish electrical connections, and copper (Cu) wires
were attached to the electrodes to charge transfer. A thin
PDMS layer was attached to protect the device. Finally, the devi-
ces were electrically poled at 5 kV for 12 h prior to performing
electrical analyses.[44–46]

2.3. Materials and Electrical Characterization

The crystallographic structure of the synthesized BST materials
was analyzed using the X-ray diffractometer (ACS, D2 Phaser,
Bruker, with Cu-Kα 1.5406 A°) and Raman spectroscopy
(Renishaw Raman, Nd:YAG-532 nm monochromatic diode-
pumped solid-state laser source). Surface Morphology of the
material was analyzed using Scanning electron microscope
(SEM, M/S SU-8230, Hitachi, Japan). The electrical response
of the device was measured using an electrometer (Keithley
6514) and the vertical compressive force is applied using a linear
motor (LinMot Inc., USA).

3. Result and Discussion

BST nanomaterials were prepared using solid-state reaction tech-
nique in which the precursor materials were calcined at 1100 °C
to obtain the required product. The schematic diagram of the
synthesis process is shown in Figure 1a–c and the detailed syn-
thesis process is explained in the materials and characterization
section. Figure 1d presents the X-ray diffraction (XRD) patterns
of BST nanoparticles at varying Sb doping concentrations of 3, 5,
7, and 10%. The diffraction peaks correspond to a tetragonal
perovskite structure, consistent with reference pattern (ICSD.
No 96-154-2190). Prominent diffraction planes, including
(100), (101), (110), (111), (200), and (211), confirm the crystallin-
ity and phase purity of the synthesized nanoparticles. Notably,
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the 7% Sb-doped BTO sample exhibits the sharpest and most
intense peaks, indicating superior crystallinity and reduced
lattice defects compared to the other doping concentrations.
This observation confirms the successful substitution of Sb ions
into the BTO structure without the formation of secondary
phases.[47,48] Figure 1e illustrates the Raman spectra of Sb-doped
barium titanate nanoparticles with Sb doping concentrations of
3, 5, 7, and 10%. The spectra exhibit characteristic peaks associ-
ated with the vibrational modes of the tetragonal perovskite struc-
ture. Prominent peaks are observed at 172, 286, 298, 525, 682,
729, and 883 cm�1, corresponding to lattice vibrations involving
Ba, Ti, and O ions. Among the samples, the 7% Sb-doped BTO
shows the most intense and well-defined Raman peaks, indicat-
ing enhanced structural stability and reduced lattice distortions.
The intensity variations and slight shifts in peak positions across
the doping concentrations suggest the successful incorporation of
Sb ions into the BTO lattice, inducing localized structural mod-
ifications. Notably, the increased intensity of the 525 cm�1 peak in
the 7% sample highlights stronger coupling of Ti–O vibrations,
which is crucial for optimizing the functional properties of the
material. The systematic trends observed in the Raman spectra
with varying Sb doping concentrations confirm the effective tun-
ing of lattice dynamics. The 7% Sb doping concentration demon-
strates the optimal balance of structural and vibrational
characteristics, making it a promising candidate for improved
material performance.[47,49]

Figure 2 presents the SEM micrographs, elemental mapping,
and EDS spectra of in Figure 2a pure BTO and Figure 2b BST
nanoparticles, with a scale bar of 2 μm. The pure BTO sample
exhibits an agglomerated, irregular granular morphology,

suggesting polycrystalline nature with significant grain bound-
aries. In contrast, the Sb-doped BTO shows a relatively uniform
particle distribution, indicating improved crystallinity and
reduced agglomeration. Elemental mapping confirms the pres-
ence of Ba, Ti, and O in both samples, while Sb is distinctly
observed in the doped sample. The EDS spectra further quantify
elemental composition, showing Ba (38%), Ti (32%), and O
(30%) in pure BTO, whereas Sb-BTO exhibits Sb (5%), Ba (35%),
Ti (30%), and O (30%). The enhanced crystallinity and modified
morphology in Sb-BTO suggest improved structural integrity,
this piezoelectric property enables more accuracy PENG sensor
applications. Figure 3a–c illustrates the step-by-step fabrication
process of PDMS/BST composite films. The process begins with
the incorporation of BST nanoparticles into a PDMS matrix,
ensuring a homogeneous dispersion of the nanoparticles within
the polymer (Figure 3a). Figure 3b shows the blended mixture is
poured into a Petri dish and subjected to curing at 60 °C for 2 h
while curing polymers undergo cross-linking and results in a
flexible and robust composite film. Cured composite is carefully
peeled off the mold to obtain a free-standing PDMS/BST film
acts as the core active layer in the FCF-PENG device
(Figure 3c). Figure 3d highlights the mechanical flexibility of
the fabricated PDMS/BST composite films, shown in digital pho-
tographic images of a 3� 3 cm film demonstrates remarkable
rollable, bendable, stretchable, and twistable properties, showcas-
ing its ability to employ various wearable and flexible electronic
applications.[50,51]

Figure 3e displays a digital photographic image of the
FCF-PENG, incorporating the PDMS/BST composite film.
The proposed configuration ensures effective charge collection

Figure 1. Synthesis of Sb-doped BTO nanoparticles and characterization. a–c) Step-by-step synthesis process of Sb-doped BTO nanoparticles using solid-
state reaction technique. d) X-ray diffraction analysis of Sb-doped BTO nanoparticles with the Sb doping ratio of 3, 5, 7, and 10%. e) Raman spectroscopy
analysis of Sb-doped BTO nanoparticles with the Sb doping ratio of 3, 5, 7, and 10%. f ) FE-SEM analysis of the synthesized Sb-doped BTO nanoparticles
with the Sb doping of 7%.
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while preserving the device’s mechanical robustness. Figure 3f
presents a schematic representation of the sandwich layer-by-
layer architecture of the flexible composite FCF-PENG device.
The structure includes a dual PDMS packing layer for enhanced
structural stability, a core PDMS/BST composite film act as the
piezoelectric active layer, and Al electrodes for efficient charge
collection. The working mechanism of Sb-Doped BaTiO3

PENG for energy harvesting is illustrated in Figure 3g. The
energy-harvesting mechanism of Sb-doped BaTiO3 PENGs oper-
ates through four distinct stages. (i) Initial State In the absence of
external stress, the material retains its perovskite structure with
symmetrically aligned dipoles. Sb3þ doping induces localized
lattice distortions, enhancing charge carrier mobility while main-
taining overall charge neutrality with no electrical output.
(ii) Compression mechanical pressure applied the crystal lattice
deforms, causing a displacement of Ba2þ, Ti4þ, O2�, and Sb3þ

ions. This realignment of dipoles generates an internal piezoelec-
tric field, leading to charge redistribution and electron flow
through an external circuit, resulting in energy generation.
(iii) Release mechanical pressure removed the lattice structure
begins to recover, reversing the dipole alignment. This induces
electron flow in the opposite direction, producing an alternating
electrical signal. Sb3þ doping enhances structural stability and
reduces domain pinning, facilitating efficient charge recovery.
(i) Equilibrium state once the force is fully removed, the lattice
returns to equilibrium, with dipoles reverting to their initial
alignment. The system remains in a charge-neutral state until
the next mechanical excitation restarts the process. This cyclic
charge redistribution enables Sb-doped BTO PENGs to effec-
tively convert mechanical energy into electrical power, making

them promising for self-powered electronics and sensing
applications.[52]

Figure 4a presents voltage versus time of the FCF-PENG
device for varying Sb doping concentrations of 3, 5, 7, and
10%. Among these, the device with 7% Sb doping in BST exhibits
the highest voltage output of 28 V, highlighting superior charge
separation and optimal piezoelectric performance at this concen-
tration. At 3% Sb doping, the voltage output is relatively low,
peaking at ≈15 V, indicating limited charge separation. With
5% Sb doping, the voltage output improves significantly, reach-
ing peaks around 24 V, demonstrating enhanced charge separa-
tion compared to the 3% sample. The 7% Sb-doped device
achieves the highest voltage output, with peaks approaching
28 V, indicating the most efficient charge separation and piezo-
electric performance. However, at 10% Sb doping, the voltage
output decreases to peaks around 10 V, suggesting that excessive
doping hinders effective charge separation, likely due to over-
doping effects. Figure 4b illustrates the current output versus
time for the FCF-PENG device with Sb doping concentrations
of 3, 5, 7, and 10%. The current output trends align closely with
the voltage performance for each doping level. At 3% Sb doping,
the current output is the lowest, peaking at ≈0.6 μA, correspond-
ing to its limited charge separation and low voltage performance.
With 5% Sb doping, the current output increases slightly, peak-
ing at around 0.8 μA, indicating an improvement in charge trans-
fer efficiency. The 7% Sb-doped BST sample achieves the highest
current output, peaking at ≈1.5 μA, consistent with its superior
voltage output and effective charge transfer. At 10% Sb doping,
the current output decreases to around 0.4 μA, reflecting reduced
charge transfer efficiency, likely due to the adverse effects of

Figure 2. SEM micrographs, elemental mapping, and EDS spectra of a) pure BTO and b) antimony-doped BaTiO3.
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over-doping. These results confirm that the 7% Sb doping con-
centration is optimal for maximizing current generation and
overall device performance. Figure 4c depicts the power output
of the FCF-PENG device as a function of load resistance. The
power curve exhibits a distinct peak, corresponding to the imped-
ance matching condition, where a power transfer of 1.6 μW is
achieved. This highlights the importance of optimizing the exter-
nal load resistance in designed circuits to maximize energy-
harvesting efficiency from the device. Figure 4d provides a
dual-axis analysis, showing the voltage output and power density
as functions of load resistance. The voltage output increases
steadily, reaching 1.7 V at higher load resistances, which aligns
with the inherent characteristics of piezoelectric nanogenerators.
Concurrently, the power density curve demonstrates a peak value
of 1.8mWm�2 at the optimal load resistance, representing the
maximum energy-harvesting capability per unit area. These
results emphasize the importance of impedance matching and
load optimization for achieving peak performance in energy-
harvesting applications. Figure 4e evaluates the capacitor charg-
ing performance of the FCF-PENG device using commercial
capacitors with capacitance values of 0.1, 0.3, and 1 μF. The volt-
age build-up across the capacitors is plotted against time,
showcasing the device’s ability to effectively charge capacitors.

The 0.1 μF capacitor charges more rapidly but stores less energy
due to its lower capacitance, while the 1 μF capacitor takes longer
to charge but can store a higher amount of energy, making it
suitable for applications requiring extended power supply. The
inset provides a detailed view of the dynamic charging behavior
under “Force ON” and “Force OFF” conditions. During the “Force
ON” state, the application of mechanical force generates electrical
energy, resulting in a rapid increase in capacitor voltage. In the
“Force OFF” state, the absence of mechanical force causes the volt-
age to stabilize or decrease gradually, reflecting the inherent self-
discharge characteristics of the capacitor. This analysis highlights
the capability of the FCF-PENG device to drive capacitive energy
storage efficiently under dynamic operational conditions.

The real-time application and performance of the on-body
wearable impact sensor system are thoroughly illustrated in
Figure 5. The FCF-PENG device functions as a self-powered
impact sensor, seamlessly integrated into wearable clothing to
detect and transmit impact data in real-time. This system effec-
tively converts mechanical forces into electrical signals, enabling
dynamic monitoring. In Figure 5a, the wearable impact sensor
system consists of multiple PENG units integrated into a single
strip, which is wrapped around the chest. Three independent
sensing units (D1, D2, and D3) are distributed along the strip,

Figure 3. Preparation of PDMS/BST Nanocomposites, device fabrication and working mechanism. a–c) Step-by-step fabrication of PDMS/BST com-
posite films. d) Digital photographic images of composite film cut at 3� 3 cm dimension showing its rollable, bendable, stretchable and twistable nature.
e) Digital photographic image of the FCF-PENG. f ) Layer-by-layer schematic of the FCF-PENG device. g) Step-by-step working mechanism of FCF-PENG
device.
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Figure 4. Electrical response analysis of FCF-PENG device. a,b) Voltage and Current output response of FCF-PENG device fabricated with Sb-doped NPs
with Sb doping ratio of 3, 5, 7, and 10%. c,d) Impedance matching analysis of FCF-PENG device with which the power and power density has been
analyzed. e) Charging commercial capacitors of rating 0.1, 0.3, and 1 μF, respectively, with which the inset shows the charging characteristics upon force
on and force off conditions.

Figure 5. Real-time application of on-body wearable impact sensor. a) Digital photographic image of the fabricated impact sensor device in which the
response of the individual device is given above. b) Real-time application demonstration of self-powered impact sensor using ThingSpeak cloud. c) Block
diagram of the demonstrated impact sensor using ESP32 microcontroller. d–f ) Impact response from the sensor and the corresponding indication on
screen with indicator ON and OFF upon high-impact hit, which is the threshold.
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each operating separately to capture impact data from its respec-
tive location. The inset graphs above the images illustrate the
voltage responses of these individual sensors to varying mechan-
ical impacts over time. Each sensor exhibits distinct output char-
acteristics: D1 records high-intensity impacts, producing sharp
voltage peaks; D2 responds to moderate impacts with intermedi-
ate voltage outputs; and D3 captures low-intensity forces with
smaller peaks. This differentiation highlights the sensor’s capa-
bility to accurately detect and quantify the intensity of localized
impacts. The sensitivity and precision of the FCF-PENG-based
sensor system make it invaluable for real-world applications,
such as monitoring impact forces in sports to enhance athletic
performance or detecting injuries in wearable healthcare sys-
tems. Figure 5b illustrates the real-time experimental setup,
demonstrating the FCF-PENG device’s capability to stream
impact data to the ThingSpeak cloud platform. The setup con-
sists of the wearable sensor integrated into clothing, an ESP32
microcontroller for data acquisition, and a laptop interface for
live visualization of the impact data. This configuration high-
lights the practicality of incorporating the sensor into IoT-based
systems for remote monitoring. By enabling cloud-based data
storage and processing, the system provides a scalable and ver-
satile solution for real-time impact detection in diverse applica-
tions. A schematic diagram in Figure 5c outlines the data flow
and mobile alert mechanism of the sensor system. The ESP32
microcontroller processes the voltage signals generated by the
piezoelectric sensors and wirelessly transmits the data to a con-
nected mobile application. When an impact exceeding a prede-
fined threshold is detected, the system generates a text alert and
sends it to the user’s mobile device. The alert specifies the loca-
tion and intensity of the force, ensuring timely and actionable
feedback. This integration of wearable sensors with IoT-enabled
alert systems demonstrates the potential for enhanced safety,
monitoring, and user interaction in real-world applications.
Figure 5d–f illustrate the voltage response of the sensor to vary-
ing impact intensities, emphasizing its effectiveness in detecting
and distinguishing different force levels. Under high-impact con-
ditions, the sensor produces sharp voltage spikes that exceed the
predefined threshold, triggering the on-screen indicator to switch
ON and signaling a critical event that requires immediate atten-
tion. Conversely, low-impact or no-impact scenarios result in
minimal voltage outputs, keeping the indicator in the OFF state,
thereby filtering out non-critical forces effectively. In mixed sce-
narios involving both high- and low-intensity impacts, the sensor
demonstrates its precision by accurately toggling the indicator
ON or OFF based on whether the applied force surpasses the
threshold. This capability highlights the robustness and reliabil-
ity of the system in differentiating relevant events while minimiz-
ing false positives. Such performance ensures efficient and
accurate monitoring in real-world applications, making the sen-
sor system well-suited for safety-critical environments, wearable
health monitoring, and athletic performance analysis.

4. Conclusion

In this study, BST nanoparticles were successfully synthesized
via the solid-state reaction method, with structural and morpho-
logical analyses confirming phase purity and crystallinity.

The optimized composition, containing 7% Sb doping, exhibited
the highest piezoelectric performance, generating a peak output
voltage of 28 V and a current of 1.5 μA. The fabricated PDMS/
BST composite film demonstrated excellent mechanical flexibil-
ity and durability, making it well-suited for wearable applications.
The resulting FCF-PENG device functioned as an efficient,
self-powered impact sensor, seamlessly integrating with an
IoT-enabled system for real-time data acquisition and wireless
monitoring. Achieving a maximum power density of 1.8mWm�2,
the device successfully captured and transmitted mechanical
impact data, highlighting its potential for next-generation energy
harvesting and smart sensing applications. These findings under-
score the promise of BST-based PENGs in the development of
advanced wearable electronics, impact monitoring systems, and
sustainable energy solutions.
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