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ABSTRACT: Recent advancements in nanomaterials have enabled the
application of nanotechnology to the development of cutting-edge
sensing and actuating devices. For instance, nanostructures’ collective
and predictable responses to various stimuli can be monitored to
determine the physical environment of the nanomaterial, such as
temperature or applied pressure. To achieve optimal sensing and
actuation capabilities, the nanostructures should be controllable.
However, current applications are limited by inherent challenges in
controlling nanostructures that counteract many sensing mechanisms
that are reliant on their area or spacing. This work presents a technique
utilizing the piezo-magnetoelectric properties of nanoparticles to enable
strain sensing and actuation in a flexible and wearable patch. The
alignment of nanoparticles has been achieved using demagnetization
fields with computational simulations confirming device characteristics under various types of deformation followed by
experimental demonstrations. The device exhibits favorable piezoelectric performance, hydrophobicity, and body motion-
sensing capabilities, as well as machine learning-powered touch-sensing/actuating features.
KEYWORDS: multiferroics, magnetoelectric nanoparticles, P(VDF-TrFE), BaTiO3@CoFe2O4, flexible

INTRODUCTION
Multiferroic materials, which exhibit the coexistence of
(anti)ferromagnetism, ferroelectricity, and ferroelasticity, have
garnered significant attention due to their diverse ferroic
orderings and resultant magnetoelectric effect. The past few
decades have seen multiferroic materials extensively studied in
the pursuit of high-performance electronic devices.1−5 Recently
discovered nanoparticle types include organic nanoparticles
(NPs) such as liposomes and polymeric NPs, along with
inorganic NPs like quantum dots, graphene, magnetic NPs,
and metal NPs,6−15 among others. These nanoparticles may be
employed for various nanocontrolled release systems that
respond to thermal, optical (ultraviolet), electrochemical, or
ultrasound stimuli.16−28

Core−shell composite multiferroic (MF) NPs are capable of
low-field on-demand actuation owing to their magnetoelectric
(ME) coupling effect�a feature distinct from traditional
magnetic NPs�thereby offering advantages such as low loss
and high energy efficiency.29−32 Consequently, wearable or
implantable systems can benefit from nanocontrolled sensing/
actuating based on these magnetoelectric nanoparticle

(MENP) technologies.33,34 Strain-mediated indirect ME
coupling occurs when magnetic/electric order parameters
arise in separate but intimately connected phases within a
given material. Furthermore, multifunctional NP-based sol-
utions show promise across several applications; however,
controlling NPs make issues arising from easy agglomeration
limit their practical use cases. Wearable sensors/actuators hold
great potential toward targeted drug delivery/monitoring;
nevertheless, nanomaterials pose challenges when it comes to
fabricating nanostructures onto soft substrates while maintain-
ing stability/sensitivity conditions required for highly accurate
devices.33−39

To address this challenge, we present an effective approach
utilizing flexible MENP-deposited patches, which enable us to
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create an ultrasensitive/highly controllable wearable magneto-
electric-piezoelectric (ME-PZT) switch. Our optimized depo-
sition process ensures core−shell NP alignment via demagnet-
ization fields thus avoiding any agglomeration issues.40 To
confirm device physical characteristics upon deformation
under varying conditions, computational simulations were
conducted alongside experimental demonstrations showing
favorable piezoelectric performance coupled with super-
hydrophobicity/body motion-sensing capabilities.40 The re-
sulting machine learning-powered sensing and actuating
system is demonstrated using the patch for metaverse
applications.41

RESULTS
First, we optimize the design and fabrication of wearable
substrates composed of stretchable interconnects embedded
on an elastomer substrate and a piezoelectric film. To provide
high conductive and mechanical tolerance under various
deformations for stretchable sensors, silver nanowire
(AgNW) network-based nanocomposites are used as intrinsi-
cally stretchable interconnects and polydimethylsiloxane
(PDMS) is used as the supporting material,42 as shown in
Figure 1a. In the top right image, AgNW networks are well

dispersed in PDMS. For the manipulation of the magnetic
properties of the multiferroic NPs via the generated E-field,
poly(vinylidene fluoride-trifluoro ethylene) [P(VDF-TrFE)] is
employed due to its ability to convert mechanical stimuli into
electricity.43,44 Different electric fields generated through
applying various stresses or strains to PVDF have been
simulated, as can be seen in Supporting Information Figure S1.
To achieve wearable properties and controllable functions, the
flexibility and inverse electric effect of P(VDF-TrFE) also have
been utilized; so, a high-quality flexible β-phase P(VDF-TrFE)
film needs to be made to form a flexible substrate (see details
in Supporting Information Figure S2). The high-density β-
phase was successfully achieved under different sintering
temperatures and times, and the optimized sintering condition
is 140 °C for 1 h verified by the X-ray diffraction (XRD) in
Supporting Information Figure S3, which has also been verified
by the Fourier transform infrared (FTIR) measurement, as
shown in Figure 1a. XRD shows that the peak lies at 2θ =
19.9°, FTIR shows the absorbance of the vibrational bands at
840, 1285, and 1400 cm−1, and all peaks correspond to the β-
phase, which could in turn result in a high piezoelectric
coefficient and uniformly generate an electric field in P(VDF-
TrFE).45

Figure 1. Piezoelectric performance of soft piezoelectric devices. (a) Conceptual illustration of a soft piezoelectric device composed of
AgNW electrodes and a P(VDF-TrFE) piezoelectric film. Scanning electron microscopy (SEM) images show the embedded AgNW networks
in a PDMS soft substrate and well-crystallized P(VDF-TrFE) film. The XRD and FTIR spectra of P(VDF-TrFE). The XRD spectra show the
peaks under different sintering time conditions and confirm the β-phase of P(VDF-TrFE), for that the peak at 2θ = 20.26° is related to the
diffraction of β-phase at (110) and (200). FTIR spectra show that vibrational bands at 840, 1279, and 1400 cm−1 correspond to the β-phase
of P(VDF-TrFE). (b) Schematic illustration of the high-voltage poling process of the piezoelectric device and its piezoelectric operation
under mechanical deformation. (c) Piezoelectric performance of the poled piezoelectric device. (d) Piezoelectric field-assisted magnetization
switching of the MENP device. Schematics of the ME particles. Atomic force microscopy (AFM) and transmission electron microscopy
(TEM) show the patch after the deposition of ME particles.
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In order to activate the piezoelectric copolymer film P(VDF-
TrFE), a direct current (DC) poling process is implemented
by applying a DC voltage to align the surface-bound charge.
The entire procedure is depicted in Figure 1b. Initially, the
randomly dispersed dipoles can be aligned along the electric
field direction. The alignment of dipoles under high electric
fields results in surface-bound charges. Compressive and
tensile stresses alter the polarization of the film; thus, when
mechanical stimuli are applied to the piezoelectric device along
the direction of aligned dipoles, electrons at its surface traverse
an electrical load. Following poling with a high DC voltage of 2
kV, created devices display clear piezoelectric performance,
producing a voltage ranging from 0.1 to 1.5 V as demonstrated
in Figure 1c. Throughout this process, we affirm optimal patch
performance.
To investigate the potential of multifunctional NPs on

wearable surfaces, we initially focused on optimizing the
spacing between NPs and determining their ideal response to
strain, electric field, or magnetization of MENP patches.
Employing an optimal design for MENPs and wearable
substrates P(VDF-TrFE), we created MENP patches that
contained evenly dispersed BaTiO3@CoFe2O4 (BTO@CFO)
NPs within a P(VDF-TrFE) film. To prepare these patches
uniformly, a demagnetization-generating setup was utilized to
align the MENPs. We employed P(VDF-TrFE) as a means of
controlling the magnetic properties of deposited MENPs;
applying a demagnetization field could arrange them
accordingly. Figure 1d displays an optimized schematic

diagram of the device structure alongside (AFM and TEM)
images of said particles. Although FM CFO particles within
MENPs are aligned synchronously in terms of magnetic
moment orientation, they can still be polarized by external
electric fields due to their outer BTO shell; this polarization
generates opposite charges at either end of NP shells through
ME effect conversion from magnetism into electrical potential
and vice versa via BTO layer conversion from electrical fields
into magnetism. AFM imaging indicates that precise arrange-
ment is attainable with control over demagnetization fields
modulating coffee ring effect tendencies while TEM imaging
displays composite structures consisting of roughly 20 nm
core−shell composites composed primarily of FE material
BTO enveloping FM material CFO inner cores�these types
come highly recommended due to their exceptionally high
magnetoelectric coupling coefficient when used in patch form.
When a patch is designed, it is crucial to evaluate the strain-

mediated magnetization process. Specifically, it is necessary to
couple the electric, magnetic, and elastic fields with minimal
energy loss. The core−shell-structured NPs exhibit ME effects
through applied strain via both magnetorestrictive and
piezoelectric effects. By optimizing the NPs, P(VDF-TrFE)
substrate, and the distance between them (see details in
Supporting Information Figures S4 and S5), we present the
final MENP patch functions in Figure 2. In Figure 2a, where
red/blue arrows depict changes in magnetization direction
(up/down) while P(VDF-TrFE) arrows indicate polarization,
randomly oriented magnets are shown at the bottom,

Figure 2. Physical characteristics of the MENP device. (a) Schematic illustration of the MENP patch without mechanical load. (b)
Computational simulation results for the stress-generated electric potentials of the bending modes. (c) Resulting magnetization vs potential
of MENPs on the patch from bending, compressive, shear, and tensile deformation modes. Changes in the magnetization state of CFO with
the potential and stress were applied to P(VDF-TrFE) under different stress cases. (d) Schematic illustration of the MENP patch by applying
a magnetic field on the P(VDF-TrFE) with MENPs. (e) MENP patch performance in terms of the electric field generated by applying
magnetization.
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indicating no response from this piezo ME switch in the
absence of mechanical load.
By applying strain (indicated by the yellow arrows at the

bottom of Figure 2b) to P(VDF-TrFE), an electric potential is
generated outside of it. Subsequently, the activated electric
field triggers a response in the BTO shell of MENPs, which
undergoes strain due to electrostriction. The resulting
deformation is then transmitted to the internal CFO, where
magnetization orientations tend toward consistency via
magnetostriction. So, alterations in the strain could potentially
result in the verification of magnetization states, as illustrated
in Supporting Information Figure S6. The magnetization under
four different modes of deformation�bending, compression,
tension, and shear stress�has been analyzed with regard to
their influence on generating an electric field for magnetization
through P(VDF-TrFE), as shown in Figure 2c. The simulation
also shows that the stress generated by bending makes the
electric field generated by PVDF larger than that in the other
cases, and a smaller stress can be used to change the
magnetization state, as shown in Supporting Information
Figures S7 and S8. Thus, application of a bending stress is the
more efficient approach to switch the magnet. We explore the
magnetic−electric (M−E) relationship between P(VDF-TrFE)
and CFO NPs; a high density and uniform distribution of NPs
are required for inducing magnetization that lays down a
technical foundation for reliable wearable MENP patches (see
details in Supporting Information Figures S9 and S10).
As shown in Figure 2c, according to the MF curve, the

potential generated under the same stress level could overcome

the threshold voltage, which could reach saturation magnet-
ization faster. In parallel, various corresponding magnetization
states were characterized by low-moment magnetic force
microscopy (MFM), as shown in the inset of Figure 2c. And
Figure 2c also shows the relationships between the CFO
magnetization and the absolute value of the central potential
(M-|P|), which indicates the working mechanism from stress,
potential, and magnetization. A flexible MENP-deposited patch
was used to fabricate a highly sensitive and controllable
wearable ME-PZT switch that achieved wearable sensing. As
shown in Figure 2d, by applying a magnetic field (yellow
arrows) around P(VDF-TrFE), the CFO core becomes
strained due to the magnetostrictive effect, and then, the
strain is transmitted to the BTO shell and P(VDF-TrFE),
which activates electric signals. Figure 2e shows the MENP
patch performance in terms of electric field-generated
magnetization. Alternating current (AC) magnetic field pulses
are generated to enable observation of the resulting electric
field. The patch can be used as an actuator driven by a
magnetic field.
With the success of the optimized fabrication process, we

tested the overall device functions of the MENP patches. For
wearable devices, hydrophobicity is important to improve the
surface reliability and prevent them from aqueous solutions.
Then, the effect could make the device washable to be useful
for a practical wearable MENP patch. From Figure 3a, we
noticed that the contact angles increased with time (from 95 to
128 degrees of contact angles from left to right, respectively),

Figure 3. Critical wearable characteristics of the MENP patch. (a) Hydrophobicity of the patch. The water droplet was applied by the time.
The angle shows the superhydrophobicity of the patch. (b) Pulse response of the patch. The magnetic signal is measured by applying the
pulse. (c) Magnetic field responses induced by flexion modes of the human arm and upon bending, the elbow moves the lower arm toward
the shoulder joint until the hand is in level with the shoulder (bicep curl). (d) The magnetic field responses are induced by extension modes
of the human arm, and upon extension, the elbow is straightened to lower the hand.
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and it means that the MENP patch surface becomes
superhydrophobic over time (left to right).
Figure 3b shows the MENP patch performance in terms of

electric field-generated magnetization. AC magnetic field
pulses are generated to enable observation of the resulting
electric field. We observe both the first and second magnetic
echo signals after the generation of piezoelectricity. This result
confirms that the interface between the MENPs and
piezoelectric substrate is well linked and operational. As
indicated in Figure 2c,d, a generated potential results in
magnetization. In this experiment, the opposite conversion
from magnetization to an electric field was observed. The
received electric signal is due to the elastic deformation of
P(VDF-TrFE) caused by the uniform magnetization of the
particles.
After checking the superhydrophobicity and electric field-

generated by magnetization, the MENP patch sensor is tested
as a wearable sensor mounted on the human body, and 3 × 3
matrix sensors are arranged in the MENP region, as shown in
Figure 3c,d. Figure 3c,d shows elbow flexion and extension
modes, respectively. Body motion-induced magnetic signals are

induced via motion from the P(VDF-TrFE) film to MENPs
and via electric field generation between the MENPs and the
sensors. The resulting magnetic field is observed via a mounted
micro-hall sensor array to confirm the magnetization output in
real time. Upon bending, the elbow moves the lower arm
toward the shoulder joint until the hand is in level with the
shoulder (bicep curl), and upon extension, the elbow is
straightened to lower the arm. A force of ∼75 N is estimated
based on the body motion. As shown in Figure 3c, we observe
an electric field range of 120 A/m2. The experimental tests of
the patch match the analyses from the simulation very well.
Magnetic field sensors mounted on the instrument are used to
detect the field generated by body motion. During the modes,
the magnetic field response map is observed using the patch
located on the triceps, and the results of contracted (low
tension) to relaxed (high tension) are shown in Figure 3c (low
tension) and 3d (high tension), respectively. The field
response shows that the body motion MENP sensor reliably
operates as a motion sensor in a designated way reliably.
The sensing and actuating functions were executed,

beginning with the characterization of touch sensor properties.

Figure 4. Machine learning-powered performance of the MENP patch for touching. (a) Sensing mechanism of the patch. The signal is
generated by the contact. The final signal is received in the form of a magnetic signal. The resulting actuation occurs vice versa. (b) NP
function as a node, and the signal is obtained by the average value of the hall sensor. (c,d) The flat and curved surfaces are tested to
characterize the shape dependence. (e) Simple neural network (NN) was used to train the system. (f) Loses vs step plot to train the NN
algorithm in this case.
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The implementation of m by n matrix sensor arrays is highly
reliant on the intended use cases. This can be demonstrated in
Figure 4a,b, which illustrates that incorporating a larger
quantity of sensors can yield substantially improved signal
sensitivity. Nevertheless, for our particular application, we have
selected to utilize a less intricate configuration comprising a 3

× 3 sensor array. By opting for this arrangement, we are
assured that we will attain our desired objectives while
simultaneously maintaining manageable system complexity. To
achieve this, we employed a 3 × 3 matrix sensor array and
touched both flat and curved surfaces to assess shape
dependence. The outcomes for each surface type are presented

Figure 5. Enhancing the sensitivity of a MENP patch for touching characteristics. (a) Block diagram of the wearable electronic system. The
integration and performance assessment of the MENP patch for sensitive touching characteristics is depicted in a comprehensive block
diagram showcasing various components. The wearable electronic system includes general-purpose input and output (GPIO), serial
peripheral interface (SPI), and system-on-chip (SoC). (b) Through a machine learning algorithm, the sensing signals train the actuation. (c)
Diagram of sensing and actuating signals. The resultant data underwent coverts to digital signal through the built-in printed circuit board
(PCB) to digital signal format. Subsequently, discrete signals were analyzed to differentiate between varying sensitivities when touched.
Here, the touching signal by the force was analyzed and shows that the highly sensitive signals can be obtained by varying the magnitude,
duration, and mode of force application. (d) Some possible future applications of the system.
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in Figure 4c,d correspondingly. Next, we applied various
statistical tools to evaluate our results through simulations. We
generated data for every distance between the finger and patch
before calculating the average values for each distance while
contacting. Figure S11 illustrates an evident monotonic
increase trend based on these data points. Although we
obtained only the simplest relationship of each distance from
the data, we utilized machine learning methods rather than
simply fitting a curve with an existing known function; as
demonstrated in Figure 4e, a simple NN was used to predict
optimal points. Figure S12 and Table S1 illustrate that our
model consisted of two hidden layers: one layer had 32
neurons while the other had eight neurons, respectively; both
layers were activated using a sigmoid function which can be
represented as

f x( )
e

e 1

x

x=
+

Moreover, the lost function we used is mean square error
(MSE), which is

y y

n
MSE

( )

i

n
i i

1

2

=
=

where yi is the ground true result distance, while yi is the
predicted result distance that is calculated by the NN. The
optimizer utilized here is performed using Adam’s optimizer.41

After defining the essential parameters, we carried out 1000
iterations and determined from Figure 4f that the loss function
had achieved almost perfect convergence. Our evaluation
disclosed a loss of approximately 0.0016, and we carefully
handpicked three test cases for thorough scrutiny. Table S1
illustrates that the difference between our anticipated values
and their actual equivalents is insignificant. Therefore, we have
confirmed the NN’s proficiency in processing the data sets.
Figure 5a shows that the wearable touch sensing system is

fully integrated and was developed through the assembly of the
MENP sensor and PCB integration. The system includes a
function generator and programmable Bluetooth module that
integrates a microcontroller for signal processing and wireless
communication. To enable multiplexed sensing, this integrated
system incorporates an analog front-end capable of performing
multimodal measurements. The transmitted data are analyzed
and actuated through the built-in software, as shown in Figure
5b.
Through the integrated system, we first tested the sensitivity

of the touching. Figure 5c encompasses all of the data obtained
from force plots, specifically focusing on the magnitude of the
touching force and the touching mode. The upper plot displays
the signal voltage as force increases from low to high using 20
measurements per boxplot. Overall, medium force results in
higher voltage readings compared to low force. Additionally,
there is sufficient separation between the results indicating
differences�higher voltage readings correspond with higher
forces applied. However, when high force is used, the voltage
lies somewhere between those recorded during low-force
application and medium-force application suggesting that there
may be a limiting threshold for the touch sensor’s
responsiveness within which there exists a proportional
relationship between voltage reading and applied force. The
position at which the pressure is applied also affects the voltage
signal, as depicted in Supporting Information Figure S13.
Position 3 (well-organized MENPs) shows greater sensitivity

compared to positions 1 and 2, which are likely to exhibit
similar sensitivity and a comparable number of discrete data
points. Furthermore, this sensing system demonstrates high
sensitivity in its touching mode, as evidenced by Figures 5c and
S14. When the touch is applied slowly, the voltage signal is
generated regularly, while a quick touch results in a rapid
voltage signal. Additionally, a random touch application leads
to a random voltage signal. Moreover, the voltage signal
decreases gradually as the touch is released more slowly. It also
demonstrates exceptional retention characteristics compared to
other piezoelectric sensing systems,46−48 as its signal can still
be maintained for a period even after the touching has stopped.
As depicted in Figure 5d, the potential applications are

manifold. In XR applications, the MENP sensors will serve as
an input device, akin to the keyboard and mouse that comprise
the conventional computer system’s input components.
Therefore, in such applications, this MENP sensor will
function as a crucial piece of equipment for user interaction
and control. Additionally, interactive messenger systems can be
employed for virtual communication. Numerous other virtual
applications are illustrated in the accompanying Figure 5d. The
XR glasses can also be used in the field of education, allowing
students to experience immersive virtual lessons (piano lessons
or training robots by touching sensors and electronic skin
type) and simulations. Medical professionals can also benefit
from the technology by using it for surgical training and
remote consultations. The possibilities are endless, and we can
expect to see more market immersible uses for XR glasses in
the future.

CONCLUSIONS
We have demonstrated a pliable patch composed of MENPs
that serves as a wearable magnetic field system capable of both
actuating and sensing electric and magnetic fields induced by
strain. The MENP patch’s desirable attributes facilitate the
development of an ultrasensitive, highly manageable, and
wearable MENP device suited for immediate practical
applications in daily-use sensors or actuators beyond
laboratory settings. This fabricated device affords swift initial
training and on-the-fly adaptation, all critical factors for
wearable human−machine interfaces where physiological
signals vary from user to user. Furthermore, the prepared
films exhibit excellent flexibility, microstructural integrity, and
strength with ultrahydrophobic surfaces while maintaining
their multiferroicity even when subjected to large deformations
with extreme curvatures or placed on highly curved moist
surfaces, thus indicating the possibility of creating wearable
devices utilizing MF materials. This technology may enable
various applications requiring low latency and adaptive
processing of touching signals such as virtual controllers,
interactive messengers, and XR controllers. Our findings
suggest that this patch holds potential for emerging metaverse
applications.

METHODS
Fabrication and Characteristics of MENP and MEPS. To

obtain the PDMS flexible substrate, we first mixed Sylgard 184 and
CLA into a mixed solution at a ratio of 10 to 1. Then, the sample was
annealed at 150 °C on a hot plate for 10 min to obtain a cured PDMS
thin film. The 15 wt % Ag NP solution was spray-coated and
embedded in a PDMS substrate. Then, the samples were sintered at
60 °C on a hot plate for 30 min. With regard to P(VDF-TrFE), we
used the common spin-coating method, which is considered to be
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suitable for manufacturing smooth polymeric coatings for micro-
electronic applications on an industrial scale. In our work, 2.5 wt %
P(VDF-TrFE) was dissolved in DMF and acetone (10:1) mixed
solvent and coated on a AgNW-embedded PDMS substrate with
UVO exposure for 50 min. The P(VDF-TrFE) film obtained by the
spin-coating method and its microstructure and PFM images can be
found in Figure 5a. The apparent longitudinal d33 was −24 pC/N to
−30 pC/N. Figure 5b shows a schematic of the whole flexible
substrate obtained. CoFe2O4 NPs were prepared by a hydrothermal
method. In this method, 15 mL of an aqueous mixture of 0.058 g of
Co(NO3)2·6H2O, 0.16 g of Fe(NO3)3·9H2O, and 0.2 g of
polyvinylpyrrolidone was dissolved in 5 mL of aqueous 0.9 g of
sodium borohydride at 120 °C for 12 h. Next, a precursor solution of
BaTiO3 was prepared by mixing 30 mL of aqueous 0.029 g of BaCO3
and 0.1 g of citric acid with 30 mL of ethonalic solution of 0.048 mL
titanium isopropoxide and 1 g of citric acid. CoFe2O4@BaTiO3 core−
shell MENPs were prepared by dispersing 0.1 g of CoFe2O4 NPs in
the precursor solution. The mixture was sonicated for 2 h. The well-
dispersed mixture was dried at 60 °C while being stirred continuously
overnight. Later, the mixture was subjected to calcination at 780 °C
for 5 h. By reducing the cooling rate (controlled by furnace CMF
1100) from above 52 to below 14 °C min−1, the average diameter of
MENPs could be controlled from below 25 nm to over 100 nm, with
an adequate size distribution of <30%. The particle size distribution
was measured by a Zetasizer Nano series via the standard dynamic
light scattering approach. For the 25 nm process (14 °C min−1

cooling rate), the average size distribution ranged from ∼19 to 31 nm.
To provide mechanical tolerance under various deformations,

AgNW network-based nanocomposites were used as intrinsically
stretchable interconnects. A AgNW solution of 10 mg/mL
concentration in ethanol was spray-coated onto a PEN carrier
substrate on which a self-assembled monolayer of (1H,1H,2H,2H-
perfluorooctyl)silane (FOTS) was deposited as an antiadhesion layer
to facilitate transfer of the AgNW networks. The AgNW-deposited
PEN substrate was placed on top of uncured PDMS with a curing
agent ratio of 20:1. After curing at 100 °C for 1 h, the PEN was peeled
off from the cured PDMS, and then, the AgNW networks were
successfully embedded on the PDMS substrate. To control the
magnetic properties of the MF NPs via the generated E-field, P(VDF-
TrFE) was employed due to its ability to convert a mechanical
stimulus into electricity. A 20 wt % P(VDF-TrFE) solution in methyl
ethyl ketone (MEK) was spin-coated at 1000 rpm onto AgNW-
embedded PDMS. A highly crystalline P(VDF-TrFE) thin film was
realized by sintering at 140 °C for 1 h in a vacuum oven.

Deposit of MEPS on MENPs. A demagnetization setup was used
to deposit MEPS on the MENPs. A drop-cast method was used to
deposit MEPS. To eliminate any coagulation, the demagnetization
field was modulated to achieve optimal deposition.38

Simulation. COMSOL multiphysics, a finite element software
program, was used to simulate the strain-induced ME effect based on
the structure we proposed above, where PVDF is a 10 μm × 10 μm ×
1 μm cuboid, the core radius of the composite nanoparticle is 0.1 μm,
and the shell radius is 0.2 μm. In our simulation model, by applying
stress to PVDF, an electric field was generated outside it. In this
electric field, the shell ferroelectric material of the nanocomposite
particle was strained due to the electrostriction effect, and the strain
was transmitted to the inner core ferromagnetic material to change its
magnetization state due to the inverse magnetostriction effect, which
is the so-called ME effect.

SEM and TEM. A TEM with an acceleration voltage of 200 kV was
used to take the TEM images. A field-emission gun equipped with an
imaging filter (Gatan, GIF200) and DigitalMicrograph software was
used. The TEM samples were prepared by placing a drop of mini-
emulsion onto a carbon-coated copper (Cu) rid under ambient
conditions. SEM (JEOL 9000F) was performed at 15 kV and a
working distance of 5 mm.

Scanning Probe Microscopy. The SPM study was performed in
noncontact mode by using a Bruker-Nano AFM system. The MFM
measurement was conducted in dynamic lift mode with a modulated
lift distance.

Integrated System and Data Analysis Procedures. All
measurements were conducted at a frequency of 10 kHz with
position 1 being furthest away from electrode wiring, while position 3
was closest. Positions 1 and 2 exhibit greater consistency than that of
position 3. An increase in the applied force leads to an initial increase
in voltage until it reaches a threshold, beyond which any further
increase in pressure causes a decrease in measured voltage.

Comparing amplitude values ranging from 0.5 to 2 V shows that an
amplitude value of 1 V provides optimal performance. Initially
utilizing filtering at ten percent efficacy resulted in reduced noise, but
seven percent efficacy revealed more useful information during soft-
touch applications despite still removing some noise. An alternative
method involving coding complications based on change magnitude
could serve as a backup if seven percent filtering proves insufficient
when applying filters directly onto devices although not tested
thoroughly yet due to its complexity toward the implementation
phase.
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