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Abstract: Piezoelectric energy harvesters are appealing for the improvement of wearable electronics,
owing to their excellent mechanical and electrical properties. Herein, screen-printed piezoelec-
tric nanogenerators (PENGs) are developed from triethoxy(octyl)silane-coated barium titanate/
polyvinylidene fluoride (TOS-BTO/PVDF) nanocomposites with excellent performance based on
the important link between material, structure, and performance. In order to minimize the effect of
nanofiller agglomeration, TOS-coated BTO nanoparticles are anchored onto PVDE. Thus, composites
with well-distributed TOS-BTO nanoparticles exhibit fewer defects, resulting in reduced charge
annihilation during charge transfer from inorganic nanoparticles to the polymer. Consequently, the
screen-printed TOS-BTO/PVDEF PENG exhibits a significantly enhanced output voltage of 20 V, even
after 7500 cycles, and a higher power density of 15.6 pW cm—2, which is 200 and 150% higher than
those of pristine BTO/PVDEF PENGs, respectively. The increased performance of TOS-BTO/PVDF
PENG:s is due to the enhanced compatibility between nanofillers and polymers and the resulting
improvement in dielectric response. Furthermore, as-printed devices could actively adapt to human
movements and displayed excellent detection capability. The screen-printed process offers excellent
potential for developing flexible and high-performance piezoelectric devices in a cost-effective and
sustainable way.

Keywords: screen printing; surface modification; piezoelectric nanogenerators; sensors

1. Introduction

Printing technology has rapidly advanced owing to the increasing demand for printed
electronics, which use analog or digital printing technologies to print electrical circuits
or devices [1-4]. The development of printed electronics on flexible substrates has the
potential to fundamentally change the way of manufacturing electrical devices. Emerging
electronic technologies involving new material synthesis, unique device concepts, new
functionality, and new manufacturing processes have revolutionized the microelectronics
sector, which traditionally focused on silicon and microfabrication techniques [5-9]. Owing
to the increase in the number of printing-based electronic devices, several semiconductors,
and conductive and dielectric materials have been produced as inks for various printing
processes [10-12]. Electroactive polymers are among the most promising materials for
flexible electronics, and piezoelectric materials are among those that can be printed with
promising outcomes [13,14]. Electrical signals generated by piezoelectric materials in
response to mechanical stress, vibration, or deformation are receiving increasing research
interest [15,16]. This lays the groundwork for its use in wearable electronics, such as sensors,
actuators, and energy harvesters [17-19].

Polyvinylidene fluoride (PVDF) and its copolymers are the most suitable piezoelec-
tric materials for printed sensors and actuators because of their biocompatibility, tough-
ness, lightness, and mechanical adaptability [20-22]. The viscosity and density of PVDF

Nanomaterials 2022, 12, 2910. https:/ /doi.org/10.3390/nan012172910

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano12172910
https://doi.org/10.3390/nano12172910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0001-7771-1466
https://orcid.org/0000-0002-7336-5081
https://doi.org/10.3390/nano12172910
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12172910?type=check_update&version=1

Nanomaterials 2022, 12, 2910

2 of 14

inks can be tailored to match the printing equipment by solubilizing them in acetone or
N,N-dimethylformamide (DMF). Furthermore, PVDF can be printed on a variety of soft
substrates, including polyethylene terephthalate (PET) or paper, which are most commonly
utilized in sensors [23,24]. In particular, PVDF has five crystal forms: «-, 3-, y-, 5-, and
e-phases [25-27]. The «-phase is nonpolar, whereas the y- and $-phases are weakly polar.
Owing to its high polarity, the 3-phase exhibits optimal piezoelectric and ferroelectric
properties. The 3-phase can be obtained via applying a high pressure/electric field [28,29],
mechanical stretching [30], electrospinning [31], or adding nucleating fillers [32,33]. How-
ever, despite the high p-phase concentrations of PVDF and its copolymers, their low
piezoelectric coefficients (d33 values) prevent their application in piezoelectric sensors for
wearable electronics. Therefore, inorganic materials, such as lead zirconium titanate (PZT)
and barium titanate (BTO), have been employed to fabricate high-performance piezoelec-
tric composites [34-37]. However, inorganic nanoparticles are unsuitable for fabricating
flexible and high-performance piezoelectric nanogenerators (PENGs) because of their easy
agglomeration due to their large surface area and high surface activity [38,39]. In ceramic
powders, triethoxy(octyl)silane (TOS) has been extensively utilized as a dispersant for
nanoparticle suspensions to increase dispersion. Furthermore, TOS is a low-cost, non-toxic
silane with concentrated reactive groups and strong chelating activity [40,41]. Therefore,
the TOS modification of BTO nanoparticles may be a promising strategy to improve the
piezoelectric performance of ceramic-polymer nanocomposites, facilitate uniform nanopar-
ticle dispersion in the polymer matrix and enhance interfacial compatibility. However, to
the best of our knowledge, TOS-modified BTO has not been used to alter the nanoparticle
interface or enhance the output performance of PENGs.

In this paper, we present a novel screen-printing method for fabricating flexible
piezoelectric sensors and energy harvesters using a high-performance TOS-BTO/PVDF
composite and silver ink. As all of the inks are non-toxic and use environmentally friendly
solvents, the technique promotes long-term large-area sensor technology. To print the
ceramic—polymer nanocomposite using a screen printer, we synthesized TOS-modified BTO
nanoparticles and distributed them into the PVDF polymer matrix to form a nanocomposite
with an appropriate viscosity coefficient. The TOS surface modification agent-induced
strong hydrogen bonds with PVDF to form a high $-phase content, thereby resulting
in a pronounced performance of the nanocomposites. Therefore, the TOS-BTO/PVDF
PENG exhibited a noticeable increase in voltage (20 V) and power density (15.6 uW cm~2),
which were 200 and 150% higher than those of pristine BTO/PVDF PENGs, respectively.
Furthermore, wearable electronics, small-sized energy harvesters, and soft robotics may
benefit from the wide variety of functionalities and excellent electromechanical coupling
properties of TOS-BTO/PVDF PENGs.

2. Materials and Methods
2.1. Preparation of TOS-BTO

First, acetic acid (Daejung Inc., Busan, Korea) was used to adjust the pH of an ethanol-
water mixed solution (95:5 (v/v), Daejung Inc.) to 3-5. Thereafter, TOS (1 mL, Sigma-
Aldrich, St. Louis, MO, USA) was added to the combination solution and hydrolyzed for
1 hat 25 °C. Subsequently, BTO nanoparticles (0.5 g, average diameter: 100 nm, US Research
Nanomaterials Inc., Houston, TX, USA) were added, and the mixture was manually agitated
for 3 h at 60 °C to enable TOS to adhere to the BTO surface. Thereafter, the mixture was
centrifuged for 10 min at 8000 rpm to remove any unreacted silane reagent and rinsed
several times with ethanol. Finally, the collected TOS-BTO nanoparticles were placed in a
vacuum oven at 60 °C for 24 h to eliminate any residual solvent.

2.2. Screen Printing of PENGs

A satisfactory dispersion solution of TOS-BTO nanoparticles (0.1 g) in DMF solution
(10 mL, Daejung Inc.) was obtained to prepare screen printing ink. After heating the
suspension solutions to 30 °C, PVDF polymer (1 g, Mw-530 000, Sigma-Aldrich) was
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added, and the mixture was mechanically stirred for 12 h. The screen-printing process was
performed using a screen printer (AMX-1242T Semi-Auto screen printer, Bucheon, Korea)
with an emulsion screen mesh (400 mesh count, thread per inch, 830 um opening, 39 um
mesh thickness), as shown in Figure 1. A squeegee was used to force ink transfer through
the open mesh of the desired mask design onto the substrate. The squeegee was used to
drive the ink into the substrate (indium tin oxide-coated PET (ITO-PET)) via the open mesh
of the desired mask design at a 45° angle with the mesh at a speed of 60 mm s~!. A printed
piezoelectric layer with a thickness of 20 um was obtained after drying in a vacuum oven
at 80 °C for 4 h. Subsequently, a commercial silver paste was printed onto the piezoelectric
layer to form surface electrodes using the same process. Finally, the printed piezoelectric
samples were poled under a 50 V um ™! electric field at 110 °C for 4 h. For comparison,
PVDF films containing untreated BTO were prepared in the same manner.

Surface Mix with
modification PVDF
Barium Titanate G HOHHH HH H 97 @
i =
H IO @
e} @
HHHHHHHH 3
== PET Ag paste Triethoxy(octyl)silane 5
ITO  mmmm TOS-BTO/PVDF (TOS) a

Assembling

Figure 1. Schematic of the fabrication of the screen-printed TOS-BTO/PVDF piezoelectric sensor.

2.3. Measurement and Characterization

The crystalline structures of the as-printed samples were determined using X-ray
diffraction patterns with Cu K-alpha radiation (D8 Advance diffractometer, Bruker, Ger-
many). The chemical structure of the printed samples was investigated using Fourier-
transform infrared (FTIR) spectroscopy (Bomen MB 100, Bomen, Canada) in the wavenum-
ber range of 400-4000 cm ~!. Field emission scanning electron microscopy (FESEM, SUPRA
40VDP, Carl Zeiss, Germany) was used to analyze the morphologies of the printed samples
at the Jeonbuk National University Center for University-wide Research Facilities (CUREF,
Jeonju, Korea). A Digital Rotational Brookfield Viscometer (Model DVNXRVCJG, Brook-
field Engineering Laboratories, Middleboro, MA, USA) was used to measure the rheological
properties of the as-prepared inks with shear rates of 0.1-1000 s . The piezoelectricity (ds3)
of the screen-printed composite film was measured using a quasistatic dzz meter (YE2730A,
Sinocera, Yangzhou, China). An oscilloscope (KEYSIGHT DSOX2012A, Santa Rosa, CA,
USA) and Keithley 2450 source meter were used to test the output voltages and currents of
the screen-printed PENGs, respectively.

3. Results and Discussion

In order to verify the existence of functional groups in their surface structures, the
FTIR spectra of the TOS-BTO nanoparticles were obtained using an FTIR spectrometer with
a measurement range of 4000-500 cm~!. FTIR spectra of the pristine BTO nanoparticles
were also obtained using the same procedure for comparison. The FTIR spectra of BTO
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and TOS-BTO nanoparticles are shown in Figure 2a. For the pristine BTO nanoparticles,
a distinctive Ti-O vibration peak was located at 529 cm~!. In addition, the FTIR spectra
did not reveal any further absorption peaks. However, the characteristic peak of the TOS
group on the BTO nanoparticles was observed in the FTIR spectra. The absorption peaks
that emerged at 2941 and 2840 cm ! were attributed to the stretching vibration of C-H
bonds in the form of -CHj- and -CHj3 groups of the TOS-BTO nanoparticles, respectively.
Therefore, the presence of these two peaks indicates that nanoparticle surfaces have been
grafted with the TOS long carbon chain [40]. Compared to pristine BTO nanoparticles,
particle sedimentation was not observed in the polymer matrix solution containing TOS-
BTO particles, even after 10 d, as shown in Figure 2b. Therefore, the interaction between
the long carbon chain of TOS in the polymer matrix and BTO nanoparticles presumably
increases the nanoparticle dispersion and stability in the polymer solution. This is one of
the most significant challenges faced by traditional compositing techniques, and it is crucial
to ensure the possibility of industrial use with long-term storage.

(a)
—
3
<
N’
3 \
= a a
= 2941 cm 2840 cm
Al
:‘é
2 ——BTO
% | —— TOS-BTO
==
L] L) L] L) L] L) L]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

Figure 2. (a) FTIR spectra of the BTO and TOS-BTO nanoparticles (inset: chemical structure of the
TOS). (b) Optical photograph of the TOS-BTO/PVDF and BTO/PVDF inks after 10 d of standing.

The good printing properties of composite inks with acceptable rheological characteris-
tics may result in thinner lines with smoother edges and be useful in eliminating flaws and
bubbles in the printed patterns. A plate-plate rheometer was used to explore the effects of
BTO nanoparticle concentration and surface modification characteristics on the rheological
behavior of PVDF-based composite inks. Viscosity was determined at various shear rates
throughout the steady-state flow step test, as illustrated in Figure 3a. The viscosity of the
ink decreased as the shear rate increased, which is characteristic of pseudoplastic fluids.
Furthermore, PVDF-based composite inks with higher BTO nanoparticle contents exhibited
higher viscosities at the same shear rate owing to the increased degree of aggregation
against the dispersion of BTO nanoparticles. In addition, PVDF-based composite inks with
surface-modified TOS-BTO nanoparticles displayed lower viscosities at the same shear rate
compared to their counterparts with unmodified BTO nanoparticles, owing to the reduced
degree of aggregation. The thixotropic properties of the PVDF-based composite inks were
examined by retaining the ink at varying shear rates in the three phases, as illustrated
in Figure 3b. Viscosity recovery after the initial squeeze stroke was investigated using
three separate stages of shear. The first, second, and final stages had shear rates of 0.5, 5,
and 0.5 s}, respectively, for 30 s. Viscosity recovery to the first stage, which describes ink
elasticity, may impact ink leveling and line creation. A strong hysteresis impact on the
viscosity of PVDF-based composite inks was detected when the shear rate increased and
decreased, implying that once the shear forces were eliminated, the ink was appropriately
leveled in a short time (a few seconds). As a result, the rheological properties of the ink
combinations provide effective ink filling and leveling in the empty regions during printing.
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Figure 3. (a) Ink viscosity with shear rate and (b) thixotropic behavior for PVDF-based ink with
various BTO and TOS-BTO nanoparticle contents.

We then determined that the BTO nanoparticles were distributed in the printed com-
posite films using FESEM. Figure 4a,b show the surface morphology of the nanocomposites
with various quantities of TOS-BTO or BTO nanoparticles in the PVDF polymer matrix. The
nanoparticles are uniformly and homogeneously distributed in the polymer matrix when
10% BTO and TOS-BTO nanoparticles are employed, as shown in Figure 4a,b. However,
when 20 wt% nanoparticles were used, there were considerably more differences in the
surface morphology between the BTO/PVDEF and TOS-BTO/PVDF composite films. Fig-
ure 4d shows that the nanoparticles were uniformly distributed in the PVDF matrix, with
no apparent interface hole defects or fractured sections of the material, whereas Figure 4c
shows the pristine BTO/PVDF counterpart with many holes and aggregated clusters. The
hydrogen bonding of the —CF in the PVDF polymer matrix and the characteristics of -CH
on the TOS-BTO nanoparticles may explain these phenomena, which improve the phase
compatibility of the nanocomposites during mixing and reduce the contact interface hole
defects in ceramic—polymer nanocomposites.

() (b)

Figure 4. FESEM images of the surfaces of the printed composite films: (a) 10% BTO/PVDE, (b) 10%
TOS-BTO/PVDEF, (¢) 20% BTO/PVDEF, and (d) 20% TOS-BTO/PVDFE.
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The 3-phase content determines the piezoelectricity of PVDFE. The crystalline phase
composition of the as-prepared samples was investigated using XRD to validate the changes
in the phase composition of PVDEF. Figure 5a shows the XRD patterns of the as-printed
nanocomposites with different BTO nanoparticle weight fractions. The typical character-
istic peaks of pure PVDF are at 20 = 18.3° and 26.5°, which are related to the x-phase
of PVDE. The (020) and (021) reflections of PVDF were attributed to these two peaks. In
addition, seven distinct diffraction peaks were clearly observed in the XRD pattern, which
corresponds to the reflections of the (200), (100), (110), (111), (200), (210), and (211) crystal
planes. The appearance of these peaks in the nanocomposite XRD patterns shows that the
crystalline characteristics of the TOS-BTO nanoparticles correspond to a ferroelectric tetrag-
onal phase, and the crystal phase of TOS-BTO nanoparticles was not changed by the TOS
surface modification. After blending the TOS-BTO nanoparticles with the PVDF polymer,
the intensity of the a-phase peak decreased significantly. Accordingly, the diffraction peaks
at 20.5°, corresponding to the reflection of the sum of the (110) and (200) crystal planes, con-
firm the emergence of the crystal 3-phase in the TOS-BTO/PVDF nanocomposite, whereas
the related peaks of BTO/PVDF are not visible. The findings reveal that the TOS-BTO
nanoparticles may operate as nucleation agents in the nanocomposite film, promoting better
dipole alignment and the formation of higher 3-phase content in the PVDF. Furthermore,
by calculating the ratio of the intensities (Ig3 and I153), the 3-phase and x-phase contents
can be qualitatively estimated, as shown in Figure 5b. The surface-modified BTO nanopar-
ticles significantly influenced the 3-phase content. Compared to the pristine BTO/PVDF
composite film, which exhibits I»g 3/11g 3 ratios of 3.4 and 4.5 corresponding to 10% and 20%
BTO nanoparticles, respectively, the TOS-BTO/PVDEF composite displays I»93/11g 3 ratios
of 4 and 5.3 corresponding to 10% and 20% TOS-BTO nanoparticles, respectively. These
results confirm that the surface modification process can lead to a significant proportion of
the 3-phase content.

The crystalline phase composition of the as-printed PVDE-based composites doped
with various BTO and TOS-BTO nanoparticle weight fractions was further studied using
FTIR spectroscopy, as shown in Figure 5c. The distinctive peaks at 614, 764, 855, and 976
cm™! represent the a-phase, whereas the vibrational peak at 840 cm™ represents the f-
phase. The typical absorption strength of the x-phase in the printed PVDF-based composite
was lower than that of pristine PVDFE. Meanwhile, the absorption intensity of the 3-phase is
more apparent, demonstrating that the inclusion of BTO nanoparticles increased the crystal
phase composition. Significantly, the TOS-BTO/PVDF nanocomposites exhibited lower 3-
phase peak intensities than the pristine BTO/PVDF nanocomposites. These results indicate
that the incorporation of TOS-BTO nanoparticles into the PVDF polymer matrix may
promote the formation of 3-phase crystalline structures. In addition, the Beer-Lambert law
was used to calculate the fraction of the electrically active 3-phase (F($)) in the as-printed
nanocomposites:

Ap

F(B) = %

where Ay and Ap are the absorbance peaks at 762 and 840 cm ™!, respectively, and Ky
and Kg are 7.7 and 6.1 x 10* cm? mol !, respectively. Figure 5d shows the F(B) values
of the pristine PVDF and composite films with various BTO and TOS-BTO nanoparticle
weight fractions. The F(f3) value increased as the BTO content increased. The nanofillers
in PVDF can aid the crystallization of the PVDF matrix by providing suitable nuclei
in the polymeric chains. Nanocomposites with 20% TOS-BTO nanoparticles showed a
considerable improvement in the F(3) value of 86.38%. Furthermore, the TOS-BTO/PVDF
composite film displayed considerably higher F(f3) values than its pristine BTO/PVDF
counterpart, indicating that surface modification promoted 3-phase crystalline formation
in the PVDF matrix.

M
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Figure 5. (a) XRD spectra of pristine PVDF, BTO/PVDF and TOS-BTO/PVDF film. (b) I503/I153
ratios of the samples calculated from XRD spectra. (c) FTIR spectra of pristine PVDF, BTO/PVDF
and TOS-BTO/PVDF film. (d) Variation in the F(f3) value of the as-prepared samples. (e) Schematic
of phase transformation between TOS-BTO nanoparticles and the PVDF matrix.

Figure 5e shows the phase transformation of the PVDF film with the addition of
TOS-BTO nanoparticles. As illustrated schematically in Figure 5e, TOS was used to create
an interfacial layer between the BTO nanoparticles and the PVDF polymer matrix. The
hydroxyl groups in dopamine interacted with the BTO nanoparticles by creating covalent
bonds, which produced an encapsulating layer surrounding the BTO surface by cross-
linking, resulting in the low surface activity of the nanoparticles. During the mixing
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process, the positively charged methylene groups in the TOS molecules interacted with
the negatively charged difluoromethylene groups in the PVDF chain to generate stable
hydrogen bonds and form the electroactive 3-phase, promoting compatibility and stability
between the BTO nanoparticles and PVDF matrix and maintaining the alignment of the
stabilized PVDF chains.

A quasistatic ds3 meter was used to record the ds3 of the screen-printed nanocom-
posites and investigate their piezoelectric capabilities, as shown in Figure 6a. The d33
value of the as-printed composites was significantly affected by the BTO nanoparticle
concentration. In particular, the ds3 value of the as-printed film increased from 16.7 pC/N
for pure PVDF to 33.5 pC/N for the 20% TOS-BTO/PVDF as the TOS-BTO nanoparticle
concentration increased. Additionally, compared to pristine BTO/PVDF, the d33 of the 20%
TOS-BTO/PVDEF-TrFE was 150% higher, demonstrating that adding TOS-BTO nanoparti-
cles is another technique to enhance piezoelectric performance. The surface modification of
nanoparticles significantly increases the piezoelectric properties of nanocomposites. The
following are some of the factors that contributed to this improvement: BTO nanoparticles
exhibit a higher ds3 than PVDF. By combining the two materials, the piezoelectric capabili-
ties of both phases are superior to that of pure PVDEF. The high dielectric constant of the
BTO nanoparticles, as ceramic particles, might focus the electric field onto the surrounding
PVDF with a low dielectric constant. The stress concentration is another explanation for
the increase in piezoelectricity. The addition of BTO nanoparticles increased the stiffness
of the nanocomposites while decreasing the fracture strain, demonstrating the capacity of
the nanocomposites to withstand high local stress. Furthermore, as shown in Figure 6c,
numerous holes were caused by the loose contact between organic PVDF matrix and in-
organic BTO nanoparticles, while there were many defects caused by the agglomerated
BTO nanoparticles in the pristine BTO/PVDF nanocomposite. When the force was applied
to the nanocomposite, the force-generated charges were accumulated and trapped in the
holes and defects, resulting in the undesired piezoelectric properties. In contrast, as shown
in Figure 6d, the TOS-BTO/PVDEF nanocomposite achieved a homogenous dispersion of
TOS-BTO by improving the compatibility between the nanofillers and polymer matrix
following TOS coating on the BTO nanoparticle surface. Additionally, the TOS layer on
the BTO surface created a stronger contact between the polymer matrix and nanofillers,
resulting in fewer holes and defects in nanocomposites. Therefore, the decrease in the
number of holes in the nanocomposites contributed to improved piezoelectricity by sup-
pressing undesired cumulative trap charges. However, the d33 value reduced to 30.4 pC/N
when the TOS-BTO nanoparticle concentration increased to 30 wt%. The explanation for
the decline in d3; is that the nanoparticle aggregation has a negative electromechanical
coupling impact. Furthermore, when a vertical pressing and releasing force of 50 N was
applied at a frequency of 3 Hz, the open-circuit voltage (Voc) was measured, as shown in
Figure 6b. As the number of TOS-BTO nanoparticles increased, the Voc and d3z3 values
also increased, indicating that the piezoelectric contribution to the electrical output was
directly related to the d33 value. In particular, when the TOS-BTO nanoparticle concentra-
tion reached 20%, the highest peak-to-peak voltage of 20 V was achieved, which is almost
two times higher than that of the pristine BTO/PVDF counterpart. Therefore, we selected
the 20% TOS-BTO/PVDF PENG for subsequent experiments and compared it to the 20%
BTO/PVDEF PENG.
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In order to study the device performance of the PVDE-based pressure sensors, the
output piezoelectric signals were carefully measured under various stress conditions, as
shown in Figure 7. Figure 7a depicts the voltage responses of the as-printed PENGs
plotted as a function of the dynamic pressure ranging from 10 to 500 kPa at a frequency
of 3 Hz. Clearly, the voltage output increases approximately linearly with the applied
pressure across the entire range of measurements. In general, the piezoelectric potential
and output voltage increase when the external impact force increases because of the larger
deformation. The peak-to-peak voltages of the TOS-BTO/PVDF PENGs and pristine
BTO/PVDF PENGs under dynamic compression stress of 500 kPa at 3 Hz were 20 and
9V, respectively. The ultralarge linear response area of the as-printed sensor may offer
a robust testing procedure and avoid complicated calibration methods. Furthermore,
the slope of the linear graph may be used to calculate the voltage sensitivity of printed
piezoelectric sensors: S = V/P, where V and P are the corresponding variances in the
output voltage signal and applied pressure. According to the linear fitting result, the screen-
printed TOS-BTO/PVDF PENGs exhibited better sensitivity (45.4 mV kPa~!) and voltage
linearity (0.99805) than the pristine BTO/PVDF counterpart, demonstrating improved
sensing capability compared to previously reported piezoelectric pressure sensors (Table 1).
These results imply that the TOS surface-modification method may significantly increase
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the sensitivity of the printed device. In addition, as shown in Figure 7b, the output
signals of the screen-printed PENGs were recorded with external load resistances ranging
from 10 to 100 M under a 50 N load of 3 Hz to adequately analyze the power density
of the screen-printed PENGs as an energy provider. The power density of the screen-
printed PENGs can be calculated using the formula P = U?/(Rt), where P is the power
density; U is the output voltage; R is the load resistance, and t is the effective area of the
piezoelectric layer. There was an initial increase in power density, which subsequently
decreased as the load resistance increased. At 5 M resistance, the highest power density
of TOS-BTO/PVDF PENGs was 15.6 W/cm ™2, which is ~150% higher than that of the
pristine BTO/PVDF PENGs, confirming that the TOS surface-modification method can
significantly enhance the energy harvesting capability. Furthermore, Figure 7c shows that as
the impact frequency increased, the output voltages of the screen-printed TOS-BTO/PVDF
PENGs increased. This phenomenon might have presumably been caused by the increasing
frequency-induced strain rate of the nanocomposites. Moreover, to evaluate the durability
of the screen-printed TOS-BTO/PVDF PENGs, the cycle test is carried out, and the result
is shown in Figure 7d. After 7500 cycles of operation at a vertical pressing and releasing
the pressure of 50 N at 3 Hz, the electric outputs exhibited no fluctuation or attenuation,
demonstrating that the screen-printed TOS-BTO/PVDF PENGs display good mechanical
robustness and endurance.
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Figure 7. (a) Dependence of the output voltages of 20% TOS-BTO/PVDF PENGs and 20% BTO/PVDF
PENGs on the external force. (b) Power density versus load resistance 105-108 Q) for 20% TOS-
BTO/PVDF and 20% BTO/PVDF PENGs. (c) Frequency dependence of output voltages of 20%
TOS-BTO/PVDEF PENGs. (d) Output voltages of 20% TOS-BTO/PVDF PENGs for 7500 cycles under
repeated impact force of a frequency of 3 Hz and a pressure of 500 kPa.
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Table 1. Comparison of the output performance of PVDF-based PENGs.

Method Materials dz3 (pC/N) \C])(ﬁ:g;: Sensitivity Ref.
Electrospinning PDA@BTO/PVDEF-TrFE N/A 6V;700 N N/A [38]
Casting PDA@BTO/PVDF N/A 24V;234 N N/A [39]
Casting BTO@C/PVDE-TrFE 30 17 V; bending N/A [42]
Casting Li-ZnO/PVDF N/A 3.4 V; hand N/A [43]
Electrospinning PMMA@BTO/PVDF 20 12.6 V; bending N/A [44]
printing TPPC/PVDF 1.85 6.62V;5m/s? N/A [45]
printing IL/PVDF N/A 4.2 V; hand N/A [46]
printing BTO/PVDE-TrFE N/A 13.2V;50 N 26.4mV /kPa [47]
printing TOS-BTO/PVDF 33.5 20 V;50 N 454 mV /kPa This study

The wearability and sensitivity of the screen-printed TOS-BTO/PVDF PENGs for
active physiological monitoring were systematically investigated by measuring the electri-
cal outputs under different human motions. The screen-printed TOS-BTO/PVDF PENGs
created a piezoelectric output voltage under tapping and hand compression conditions,
as shown in Figure 8a,b, respectively. Under the finger tapping and hand compression
conditions, the screen-printed TOS-BTO/PVDF PENGs achieved output voltages of 2.6
and 4.5 V, respectively. As a result, the flexible printed sensor device described herein can
gather biomechanical energy or detect human movement. The output voltages of the TOS-
BTO/PVDF PENGs installed on a human arm are shown in Figure 8c,d under various arm
bending conditions. Under small bending positions (bending angle of 30°), the printed TOS-
BTO/PVDF PENGs generated output voltages of 1.5V, while the printed device generated
output voltage of 2.6 V under large bending position (bending angle of 90°), respectively.
During massive bending, the TOS-BTO nanoparticles and PVDEF polymer were subjected
to much more strain, resulting in a larger electrical output. Therefore, this flexible screen-
printed TOS-BTO/PVDF PENG is a viable option for real-time/practical applications, such
as harvesting biomechanical energy or detecting human body movements.

3 6
(a) (b)
i 4
3 e
& &
g 5 ]
S G
= S
- Finger tapping *16e™- Hand compressing
H 5 8 10 0 2 H 6 8 10
Time (s) Time (s)
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Figure 8. Output voltages generated by the screen-printed TOS-BTO/PVDF PENGs at (a) finger
tapping and (b) hand compressing positions. Output voltages generated by the screen-printed
TOS-BTO/PVDEF PENGs at (c) small and (d) large bending positions.
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4. Conclusions

A flexible and high-performance nanocomposite PENG based on a TOS-BTO/PVDF
composite film was fabricated via screen printing. An organic TOS functional group in the
polymer matrix assists in the uniform dispersion of nanoinorganic fillers. The degree of
charge annihilation that occurs during the charge transfer from inorganic particles to the
polymer matrix is reduced in the composites. As a result, the TOS-modified BTO/PVDF
pressure sensor exhibited a noticeable increase in the output voltage (20 V) and output
power density (15.6 uW cm~2), which were considerably higher than those of the pris-
tine BTO/PVDF counterpart. These findings demonstrate the importance of the surface
modification of inorganic nanofillers implanted in PENGs. These gadgets may also be
used to actively detect human movements because of their high flexibility and sensitivity
when manufactured on demand. These screen-printed PENGs demonstrate potential as
future touch sensors manufactured using additive manufacturing processes in printed
electronics applications.
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