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A B S T R A C T

In this paper, we demonstrate a boosted output magneto-mechano-electric (MME) generator consisting of 
piezoelectric Pb(Mg1/3Nb2/3)O3-Pb(Zr,Ti)O3 (PMN-PZT) single crystal and laminated FeBSi alloy (Metglas) 
prepared by employing photon flash annealing (PFA) treatment. The high-temperature PFA treatment with 
millisecond-level short pulse irradiation on the Metglas sheet induces surface nanocrystallization, enhances 
magnetostrictive and mechanical responses. The PFA-treated Metglas-based MME generator exhibits a strong 
magnetoelectric coupling coefficient of 215 V/cm•Oe, an open-circuit root mean square (RMS) voltage of 26 V, 
and RMS output power of 3 mW at an AC magnetic field of 8 Oe. These values are noticeably larger (~100 % 
enhancement for output power) than those of pristine Metglas-based MME generators due to the enhanced 
piezomagnetic coefficient and mechanical quality factor of PFA Metglas. Finally, the output electric energy of the 
PFA-treated MME generator is utilized to drive an Internet of Things (IoT) device by integrating the MME 
generator with a power management circuit, a storage capacitor, and an IoT temperature sensor.

1. Introduction

In the 4th industrial revolution, Internet of Things (IoT) sensors have 
attracted significant attention for their capacity to collect and analyze 
data related to the environment, public safety, biomedical healthcare, 
and industry [1–5]. However, conventional batteries as a power source 
for numerous IoT sensors have the drawback of limited electric capacity, 
which requires periodic replacement of depleted batteries with accom
panying immense labor and cost [1,6,7]. To address these issues, energy 

harvesting technology has introduced IoT devices for developing 
self-powered, maintenance-free, and sustainable IoT applications [6,8,
9].

Numerous energy conversion mechanisms have been used in energy 
harvesting technologies, including piezoelectric [6,10–13], pyroelectric 
[14], photovoltaic [15,16], triboelectric [17–20], and 
magneto-mechano-electric (MME) conversion [8,9,21–25]. Among 
these, the MME generator is a good candidate for self-powered IoT 
systems to generate electricity from ambient magnetic fields that are 
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generated around electric cables of power transmission lines, building 
infrastructure, and electronic devices. An MME generator composed of a 
piezoelectric material, magnetostrictive cantilever, and magnetic proof 
mass first converts an alternating current (AC) magnetic field into me
chanical motion by a magnetostriction effect (magneto-mechanic 
coupling), which is then converted into electrical energy by a piezo
electric effect (mechano-electric coupling) [31].

To improve the electric output of MME generators, many research 
results have been reported not only adopting high-performance piezo
electric and magnetostrictive materials but also modifying device ge
ometry and structure. For example, Ryu et al. fabricated MME 
generators with improved mechanical quality factor (Qm) and dielectric 
loss (tanδ) (or minimized electromechanical losses) by doping of hard
ener Mn in Pb(Mg1/3Nb2/3)O3-Pb(Zr,Ti)O3 (PMN-PZT) single crystals 
[26]. It exhibited an open-circuit voltage of 94 V and a short-circuit 
current of 120 μA under a gentle magnetic field of 7 Oe. Annapureddy 
et al. adopted a specially textured Fe-Ga magnetostrictive alloy and 
(011)-oriented PMN-PZT crystal for a high-performance MME harvester, 
which generated an output power of 3.8 mW to operate an IoT sensor 
[24].

In particular, FeBSi alloy (Metglas) foils are widely utilized as a 
magnetostrictive cantilever structure in MME generators, which has a 
high piezomagnetic coefficient and an enormous magnetic permeability 
[27]. Many attempts have also been made to enhance the output per
formance of MME generators based on multilayer Metglas lamination by 
design of harvester architecture and optimization of interfacial adhesion 
layer [25,28–30]. Flash lamps are an alternative photonic annealing 
source for commercialization due to their ultrafast (μs to ms) interac
tion, large-scale processability, and outstanding light output efficiency 
[31]. With high-intensity photon flash annealing (PFA), bulk metal 
sheets can be abruptly heated to the crystallization temperature by 
non-radiative relaxation in the form of atomic lattice vibrations and then 
rapidly cooled to form nano-scale crystals in the microstructures [32]. In 
this way, the Metglas sheet with an amorphous phase could also be 
annealed with the flashlight process to induce nano-scale crystallization 
for further improvement of magneto-mechanical coupling performance 
in MME energy harvesting.

Herein, we have demonstrated an MME generator consisting of a 
Metglas laminate and PMN-PZT single crystal fiber composite (SFC) by 
employing PFA treatment on Metglas sheets to improve the output 
performance of the MME generator. The instant high-temperature PFA 
with an ms-level short pulse on the Metglas alloy-derived surface 
nanocrystallization enhanced the soft magnetic property, piezomagnetic 
property, and Qm. After the PFA treatment, the piezomagnetic coeffi
cient and Qm values of the Metglas laminate were increased by up to 37 
% and 131.5 %, respectively, compared to the pristine Metglas laminate. 
The PFA-treated MME generator displayed a strong magnetoelectric 
(ME) voltage coefficient (αME) of 215 V/cm•Oe, an open-circuit root 
mean square (RMS) voltage of 26 V, and a short-circuit current of 0.46 
mA at a resonance condition of 60 Hz. In addition, the PFA MME device 
generated a maximum RMS output power of 3.0 mW at an AC magnetic 
field of 8 Oe, which is two times higher than that of a pristine Metglas- 
based MME generator. Finally, the electric power from the PFA-treated 
MME generator was utilized directly to operate an environmental IoT 
sensor system by integrating with a power management circuit, a stor
age capacitor, and an IoT temperature sensor. With this self-powered 
system, the IoT sensor can incessantly monitor surrounding tempera
ture and wirelessly transfer the measured information to a monitoring 
computer without needing a battery or other power source.

2. Materials and methods

2.1. Photon flash annealing for the Metglas foil

The Metglas sheet having a thickness of 25 μm (2605SA1, Hitachi 
Metal Co.) was cut in the dimensions of 60 (L) × 20 (W) mm2. Metglas 

2605SA1 was selected as the magnetostrictive layer due to its amor
phous structure, which offers several advantages for MME applications. 
Its low magnetic anisotropy and high initial magnetic permeability 
facilitate strong magnetostrictive response under low-amplitude AC 
magnetic fields. Additionally, its narrow magnetic hysteresis minimizes 
energy loss, while the uniform amorphous phase enables controlled 
surface nanocrystallization through PFA, further enhancing its magnetic 
softness [33]. The ribbon form and mechanical flexibility of Metglas also 
make it suitable for multilayer cantilever configurations used in this 
study. The PMN-PZT SFC was chosen as the piezoelectric counterpart 
due to its high piezoelectric coefficient, mechanical compliance, and 
compatibility with laminated multilayer structures operating in bending 
mode [24]. Key physical properties of both materials are summarized in 
Tables S1 and S2 (Supporting Information) for reference. The cut Met
glas foils were irradiated with two continuous shots of the pulsed 
flashlights. PFA was performed using a xenon flash lamp system 
(HI-PULSE 15000, PSTEK Co., Ltd) that emits a broad spectrum of white 
light, approximately ranging from 300 to 1000 nm. The irradiation 
condition consisted of two consecutive pulses, each with an input power 
of 5.1 kW and a pulse duration of 2.0 ms, applied with a time interval of 
250 ms.

2.2. Fabrication of MME generator using photon flash annealed Metglas

The (011)-oriented d32 mode PMN-PZT SFC (external dimensions: 
20 × 13 × 0.15 mm3, Ceracomp Co. Ltd) was a piezoelectric layer. The 
PFA Metglas foils were laminated by stacking 10 layers in the Teflon 
mold. Each layer was bonded using a thermal cure epoxy resin (3M™ 
Scotch-Weld Epoxy Adhesive DP-460 EG), and then a force of 1 ton was 
loaded on the mold to densely stack the Metglas lamination as well as to 
minimize the adhesion layers. The Metglas lamination was heat-treated 
at 70 ◦C for 1 h to cure the epoxy resin. The Metglas lamination was 
bonded with the SFC using the epoxy resin and then clipped with a two- 
slot zig, followed by curing at 70 ◦C for 3 h, resulting in the bilayer 
composite. Two pieces of NdFeB permanent magnets (20× 5 × 2 mm3) 
were attached at an optimized position on the composite for a resonance 
frequency of 60 Hz as a magnetic proof mass to fabricate the MME 
generator.

2.3. Characterization

The magnetic hysteresis (B-H) loops of the Metglas laminates were 
obtained using a B-H analyzer (Remagraph C-500, Magnet physic) by 
applying the magnetic field along the length direction of the Metglas 
laminate. The magnetic field-dependent magnetostriction of the 10 
layers of Metglas laminate was characterized using the strain-gauge 
method. The piezomagnetic coefficient (q11) along the longitudinal di
rection of the Metglas laminate was evaluated from the slope of 
magnetostriction curves.

To verify the resonance tuning of the PFA-treated MME harvester, 
impedance analysis was conducted using an impedance analyzer 
(4294A, Agilent). The resulting Z-θ plot (Fig. S1a in the Supporting In
formation) confirmed a resonance frequency at 60 Hz and an anti- 
resonance frequency at 63.6 Hz, demonstrating that the magnetic 
proof mass was appropriately positioned to match the first bending- 
mode resonance with the commercial AC power frequency. A top-view 
image of the device mounted on the measurement clamp is provided 
in Fig. S1b (see the Supporting Information), showing that the magnet 
was attached 0.8 cm from the free end of the cantilever. This position 
was determined through iterative tuning to achieve optimal resonance 
behavior at 60 Hz.

The resonance characteristics of the MME generator, including 
vibrational amplitude and αME, were measured under a low AC magnetic 
field amplitude of 0.1 Oe to precisely determine the resonance frequency 
while avoiding nonlinear magnetic or mechanical effects. The tip dis
placements of the MME generator were obtained under the AC magnetic 
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field of 0.1 Oe by laser Doppler vibrometer (LDV, OFV-5000, Polytec). 
The vibration amplitude was swept according to the frequency through 
the fast Fourier transform (FFT) method. The Qm was estimated from the 
result of the vibration amplitude peak using the -3dB method (Qm = fr/ 
Δf) using the resonance frequency (fr) and − 3 dB bandwidth (Δf) of the 
vibration amplitude peak. The αME evaluation for the MME generator 
was performed as a function of AC magnetic oscillation (Hac) frequency 
from 45 to 75 Hz at a direct current (DC) magnetic bias field (Hdc) of 0 
Oe. A Hac of 0.1 Oe was applied in the longitudinal direction to the MME 
generator located at the center of the Helmholtz coil (M-MHC125, MMS 
company). The output voltage from MME device was measured by 
sweeping the Hac driving frequency using a lock-in amplifier (SR-850, 
Stanford Research Systems). The measured output voltage was divided 
by the thickness of the SFC (150 μm) and Hac to calculate the value of 
αME.

2.4. Output performance of the MME generator

For performance evaluation under practical conditions, the MME 
generator was subsequently tested at an AC magnetic field amplitude of 
8 Oe, which reflects the typical ambient magnetic field strength near 
commercial AC power lines [34]. This field strength was selected to 

ensure sufficient mechanical excitation and to assess the energy har
vesting capability of the device under realistic operating environments. 
The AC magnetic field of 8 Oe at 60 Hz was applied to MME generators 
using a Helmholtz coil to measure the generated output voltage. The 
voltage waveform signals were monitored using an oscilloscope 
(WaveSurfer 44Xs-A, Teledyne LeCroy, NY, USA). To determine the 
maximum output power of the MME generator at the optimal load 
resistance, the external load resistance was applied by connecting an 
electronically controlled resistance decade box (OS 260, IET Labs, Inc.) 
to the measurement circuit parallelly. The Vrms was recorded across the 
various load resistances (RL) ranging from 1 kΩ to 1 MΩ, and the output 
power (Prms) was determined using the expression Prms = Vrms

2 /RL.

3. Results and discussion

Fig. 1a schematically depicts the fabrication process of the MME 
generator utilizing PFA-treated Metglas laminate. The amorphous Met
glas was annealed in the air by a high-intensity light pulse, which causes 
oxidation at the local surface by inducing temporal thermal energy to 
enhance the magneto-mechanical properties without structural brittle
ness (Fig. 1a–i) [35–37]. With an ultra-short flash pulse treatment on the 
amorphous Metglas, an oxygen-rich region with partial nano-crystals 

Fig. 1. (a) Schematic representation of the fabrication process for the MME generator. (i) The Xenon PFA induces Metglas nanocrystallization and oxidation. (ii) The 
Metglas sheets were laminated using an epoxy resin to form a magnetostrictive cantilever. (iii) The cantilever-structured MME generator is composed of a Nd magnet, 
clamp, and MME composite (Metglas laminate and piezoelectric SFC). (b) Numerically simulated temperature profile of Metglas surface by PFA condition. (c) and (d) 
SEM images of pristine Metglas and PFA-treated Metglas. (e) and (f) HRTEM images and corresponding FFT patterns (inset) of pristine Metglas and PFA- 
treated Metglas.
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could be successfully formed on the surface of the Metglas [38]. The 
annealed Metglas sheets were laminated with epoxy resin to form a 
magnetostrictive cantilever structure (Fig. 1a–ii). The Metglas laminate 
structure with interfacial adhesion layers is better than a single sheet for 
MME conversion since the magnetostriction force applied on the 
piezoelectric part is proportional to the cross-sectional surface area of 
the multiple Metglas layers [28]. The MME cantilever generator is 
fabricated by combining a Nd permanent magnet-proof mass with a 
bilayer composite consisting of Metglas lamination and PMN-PZT SFC, 
as schematically shown in Fig. 1a–iii. The external magnetic field exci
tation deforms the magnetostrictive Metglas laminate in the longitudi
nal direction, which transfers strain to the piezoelectric phase in the 
MME generator, thus leading to piezopotential generation in the thick
ness direction by transverse piezoelectric d32 mode. The tip mass mag
nets on the MME generator helped to promote periodic up-and-down 
bending vibrations (magnetic torque) of the cantilever by creating 
mutual interactions with the surrounding AC magnetic field.

A theoretical simulation was performed to estimate time-dependent 
temperature alternation of the Metglas surface under PFA using COM
SOL Multiphysics. The simulated flash condition was composed of two 
consecutive flash illuminations (5.1 kW and pulse duration of 2 ms) with 
a time interval of 250 ms. Fig. 1b shows the calculated temperature 
profile of the Metglas surfaces under a flashlight condition. It is widely 
known that multiple flashlight irradiations can generate a significant 
temperature increment at the surface of a target material via repeated 
thermal accumulation [31]. The peak surface temperature of the Met
glas sheets during PFA was theoretically estimated to be approximately 
623 ◦C using COMSOL Multiphysics simulation, as direct experimental 
measurement was challenging due to the extremely short flash duration. 
This transient thermal input exceeds the crystallization temperature of 
Metglas (~560 ◦C), enabling localized surface nanocrystallization while 
preserving the amorphous nature of the bulk [38]. Further, we per
formed scanning electron microscope (SEM) and high-resolution trans
mission electron microscopy (HRTEM) measurements to examine the 
effect of PFA on the microstructural properties of Metglas. Fig. 1c and 
d displays a SEM image of the pristine Metglas and PFA-treated Metglas 
surface. After the PFA process, short-range microstructural change was 
observed with the presence of oxygen-rich dark color regions on the 
Metglas surface from an energy dispersive spectrometer (EDS) analysis 
(Fig. S2 in the Supporting Information), providing evidence of partial 
surface oxidation of Metglas during the PFA treatment. Fig. 1e and f 
shows HRTEM images and their corresponding FFT patterns (insets) of 
the pristine and PFA-treated Metglas sheets, respectively. The FFT 
pattern of pristine Metglas (Fig. 1e) exhibits a uniform diffuse ring, 
which is a typical signature of an amorphous structure lacking 
long-range atomic order. Consistently, the corresponding HRTEM image 
shows no lattice fringes or crystalline domains. In contrast, the 
PFA-treated Metglas (Fig. 1f) displays localized lattice fringes in the 
HRTEM image (highlighted by a red circle), along with discrete bright 
diffraction spots in the FFT pattern. These morphological changes are 
attributed to partial surface nanocrystallization induced by the PFA 
process. The high-intensity photon pulse transiently heats the surface, 
increasing atomic mobility in localized regions and enabling nucleation 
of nanocrystalline domains, while the surrounding matrix remains 
amorphous [39]. As a result, the fully amorphous pristine sample shows 
a ring-like FFT pattern, whereas the PFA-treated sample exhibits a 
dot-like morphology due to the formation of discrete crystalline regions. 
This indicates that PFA enables localized structural transformation 
without compromising the overall amorphous nature of Metglas. The 
estimated size of the nanocrystal was approximately 5 nm, based on the 
HRTEM image analysis. Although the crystallinity was not quantita
tively evaluated using additional characterization techniques, the 
emergence of nanocrystalline features in the FFT pattern, combined with 
the enhanced magnetostrictive response and mechanical quality factor, 
provides strong indirect evidence of localized nanocrystal formation.

The magnetic field intensity can be controlled by varying the input 

AC current into the Helmholtz coil. Note that a high αME is essential for 
the high output performance of MME generators. The αME is a result of 
the mechanical interaction between the magnetostrictive and piezo
electric layers, which is explained by the following equation [21,40]. 

αME =
ΔE
ΔH

=
ΔE
ΔS

×
ΔS
ΔB

×
ΔB
ΔH

(1) 

where E is the electric field induced from the piezoelectric phase, S is the 
strain caused by magnetostriction, B is the magnetic flux density within 
the magnetostrictive phase, and H is the externally applied AC magnetic 
field. Equation (1) indicates that αME can be enlarged by enhancing ΔB/ 
ΔH, which is termed as the magnetic permeability and piezomagnetic 
properties (ΔS/ΔB) of the magnetostrictive phase. Fig. 2a shows the B-H 
hysteresis loops of pristine and PFA Metglas laminates. The PFA-treated 
Metglas sheets showed significantly improved soft magnetic properties 
and reduced hysteresis. The value of the maximum magnetic perme
ability (μmax) is calculated from the ΔB/ΔH slope. The PFA Metglas 
laminate has a μmax of 9960 H/m, while the pristine Metglas laminate 
has a value of 9080 H/m. The PFA-treated Metglas laminate also showed 
a similar response to that of the pristine Metglas but with enhanced soft 
magnetic properties, which is attributed to the surface 
nanocrystallization-induced residual stress relaxation and reduced local 
density fluctuations [41]. Fig. 2b shows the experimental setup utilized 
to measure the output performance of the MME generator at external 
magnetic fields produced by a Helmholtz coil. The MME cantilever 
structure was rigidly clamped by a Bakelite jig, and a non-magnetic 
metal holder was placed in the center of the Helmholtz coil to apply a 
uniform AC magnetic field (right side of Fig. 2b). The MME generator in 
this study was designed as a cantilever structure operating in its 1st 
bending resonance mode. To optimize the MME output performance, the 
cantilever geometry was engineered by considering the trade-off be
tween mechanical flexibility and stress transfer to the piezoelectric layer 
[42]. A thinner cantilever allows larger vibration amplitudes but results 
in lower stress applied to the piezoelectric element, while a thicker 
cantilever increases stress delivery at the expense of reduced displace
ment. Based on this design principle, a laminated structure composed of 
ten 25 μm-thick Metglas foils was adopted as the magnetostrictive 
cantilever. The total thickness of the laminate, including the adhesive 
layers between Metglas sheets, was approximately 280 μm, implying an 
average adhesive thickness of 3~4 μm per interlayer [28]. This 
configuration provides a well-balanced mechanical response, enabling 
efficient vibration-driven deformation of the piezoelectric layer and 
enhanced energy harvesting performance. The MME structure was 
fabricated based on the assumption that each Metglas layer exhibits 
comparable piezomagnetic properties, as all ten foils were processed 
under identical PFA conditions prior to lamination. While measuring the 
piezomagnetic coefficient of each layer individually would be ideal for 
evaluating potential variation, such measurements require attaching 
and subsequently removing strain gauges. This removal process can 
damage the ultrathin Metglas surface or leave adhesive residue, which 
would impair interfacial bonding and degrade the mechanical integrity 
of the final laminate. As a result, individual layer characterization was 
not performed, and the MME structure was designed to function based 
on the average behavior of the laminated Metglas stack without 
requiring layer-specific tuning. This approach is supported by the uni
form processing conditions and material homogeneity, and ensures both 
structural reliability and consistent piezomagnetic performance.

The magnetostriction of the pristine and PFA-treated Metglas lami
nates was compared by measuring the surface strain in the longitudinal 
direction by sweeping Hdc from − 80 Oe to 80 Oe, as shown in Fig. 2c. 
The measured saturated magnetostriction (λs) of the Metglas laminate 
with PFA was 41.7 ppm, which is almost 63 % larger as compared to the 
pristine Metglas laminate (25.6 ppm). The piezomagnetic coefficient 
curves, estimated from the slope of the magnetostriction curves, are 
displayed in Fig. 2d. Here, the ‘slope’ refers to the first-order derivative 
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(dλ/dH), representing the sensitivity of magnetostriction to the applied 
magnetic field [43]. Although adhesive layers of pristine Metglas lami
nation may potentially dampen interlayer strain transfer, the measured 
saturation magnetostriction (25.6 ppm) was very close to the 
manufacturer-reported value for single-layer Metglas (27 ppm), indi
cating that the influence of the adhesive on the magnetostrictive per
formance was nearly negligible. The PFA Metglas laminate shows 
enhanced maximum piezomagnetic coefficients of 0.89 ppm/Oe, while 
the pristine Metglas laminate has a maximum value of 0.65 ppm/Oe. 
This corresponds to a ~37 % enhancement and indicates that the 
maximum piezomagnetic coefficient in this study was successfully 
achieved through the applied PFA treatment. Such improvement is 
attributed to the partial surface nanocrystallization induced by PFA, 
which enhances both the magnetostrictive response and the Qm of the 
Metglas laminate. This piezomagnetic property enhancement due to the 
PFA treatment can significantly affect the αME as it depends on the 
magnetic field-induced vibration displacement and Qm [26,39,44,45].

Fig. 2e displays the vibration amplitude of the Metglas laminate 
measured in the proximity of the resonance frequency (60 Hz) at 0.1 Oe, 

using a laser Doppler vibrometer (LDV). The Qm values of the Metglas 
laminate were obtained using the − 3 dB method from the frequency- 
dependent vibration amplitude curves. The estimated Qm value of the 
PFA-treated Metglas laminate was 240, which is ~81 % larger than that 
of pristine Metglas laminate (Qm of 133). Similarly, the oscillation 
displacement of the PFA Metglas laminate was enhanced by 131.5 % 
with the PFA relative to the pristine Metglas laminate. From this result, 
it is expected that the magneto-mechanical response of the MME 
generator incorporating the PFA Metglas could be significantly 
enhanced with the improved Qm and oscillation displacement, leading to 
excellent output performance of the MME generator.

The frequency-dependent αME of the MME generator in the resonance 
regime was measured under a Hac of 0.1 Oe, and the zero external Hdc, 
and the results are depicted in Fig. 3a. In the proposed MME generator, a 
magnetic proof mass was attached to the free end of the cantilever to 
enable efficient mechanical excitation under an AC magnetic field. The 
interaction between the alternating field and the magnetic mass pro
duces a dynamic magnetic force, which drives substantial bending-mode 
vibration of the cantilever even in the absence of an external DC 

Fig. 2. (a) B-H hysteresis of normal and PFA Metglas sheets. (b) Experimental setup to measure the electric output performance of the MME generator inside the 
Helmholtz coil. DC magnetic field dependent (c) magnetostriction and (d) piezomagnetic coefficient curves of pristine Metglas and PFA Metglas laminate. (e) The 
vibration amplitudes of pristine and PFA Metglas laminates were measured by sweeping the frequency in the proximity of the resonance condition (~60 Hz).
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magnetic bias [46]. While no external Hdc was applied, the presence of 
the permanent magnet at the cantilever tip likely introduces a small 
local magnetic field to the Metglas laminate, effectively acting as a 
built-in bias. This local self-bias may contribute to partial domain 
alignment and facilitate magnetoelectric coupling under zero externally 
applied DC conditions. This design allows the device to operate effec
tively under zero DC bias, which is critical for practical energy har
vesting near commercial 60 Hz power lines. Moreover, the PFA 
treatment of the Metglas layer resulted in an increase in initial magnetic 
permeability (μmax of 9960 H/m), indicating enhanced magnetic soft
ness. This improvement enables the material to respond more sensitively 
to low-amplitude AC magnetic fields, thereby further supporting ME 
coupling without relying on external biasing. The MME composite with 
PFA Metglas laminate exhibited a larger αME value of 215 V/cm•Oe 
compared with pristine Metglas composite (129 V/cm•Oe) at their 
resonance frequency of 60 Hz. This result validates that ME coupling 
was enhanced significantly due to the improvement of the piezo
magnetic property and the vibration displacement amplified by the 
higher Qm of the PFA Metglas laminate.

Further, the energy generation performance of the MME generators 
with pristine and PFA Metglas laminates was investigated and compared 
to confirm the enhanced ME coupling derived from the PFA effect. In 
this regard, the resonance frequency of the MME generators was tuned 
to 60 Hz by adjusting the position of the magnetic proof mass and 
applying a Hac of 8 Oe using the Helmholtz coil. The generated open- 
circuit voltage waveforms of the MME generators are displayed in 

Fig. 3b. The peak-to-peak voltages (Vpp) of the MME generators with 
PFA Metglas laminate was 88 V, whereas the MME generator with 
pristine Metglas laminate generated only 61 V. The corresponding short- 
circuit currents were 0.38 mA and 0.46 mA for the MME generators with 
pristine and PFA Metglas laminates, respectively, as shown in Fig. S3. To 
evaluate the performance of MME device under varying AC magnetic 
field conditions, the output voltage of the PFA-treated MME generator 
was measured at field amplitudes of 1, 2, 4, 6, and 8 Oe under open- 
circuit conditions as shown in Fig. S4 (see the Supporting Informa
tion). The corresponding peak-to-peak voltages were 6.9 V, 13.4 V, 29.2 
V, 72.2 V, and 88 V, respectively, indicating a strong positive correlation 
between magnetic field strength and voltage response. Based on these 
results, 8 Oe was selected as a representative field strength, as it aligns 
with the typical magnetic field range (up to 10 Oe) found near com
mercial AC power lines [9]. This approach reflects realistic operating 
conditions and validates the potential of the device for ambient mag
netic energy harvesting applications.

The RMS output voltages (Vrms) of the MME generators were ob
tained as a function of external load resistances (RL), ranging from 1 kΩ 
to 1 MΩ, as presented in Fig. 3c. The Vrms also has shown a similar trend 
as VPP with a maximum open-circuit Vrms of 25.5 V for the FPA Metglas 
laminate-based MME generator. Further, the corresponding RMS output 
power (Prms) of MME generators was calculated from the obtained Vrms 
and external RL using the equation Prms = Vrms

2 /RL and displayed in 
Fig. 3d. The calculated maximum Prms values of the MME generators 
with pristine and PFA Metglas were 1.5 and 3.0 mW at the optimal RL 

Fig. 3. (a) Resonance ME coupling characteristics and (b) open-circuit voltage waveforms of the MME generators, (c) RMS output voltage, and (d) RMS output power 
of MME generators of pristine Metglas and PFA Metglas laminate measured as a function of external load resistances.
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values of 100 and 90 kΩ, respectively. The MME generators with PFA 
Metglas laminate produced approximately 100 % enhanced output 
powers than that of pristine Metglas-based MME generator. It is clear 
that the improvement of the output performance is attributed to the 
large magneto-mechanical response, which is reasonably demonstrated 
by the enhanced piezomagnetic and mechanical properties of Metglas 
sheets after PFA treatment.

The frequency-dependent output characteristics of the PFA-treated 
MME harvester were further investigated to compare its performance 
at resonance (60 Hz) and anti-resonance (63.6 Hz) conditions. Under an 
8 Oe AC magnetic field, the RMS output voltage reached 25.5 V across a 
~1 MΩ load at 60 Hz, while it decreased to 13.2 V at 63.6 Hz. Corre
spondingly, the RMS output power peaked at 3.0 mW across a 90 kΩ 
load at resonance, but dropped to 0.37 mW at anti-resonance with a 220 
kΩ load. These findings are consistent with the expected behavior of 
piezoelectric electromechanical systems, in which the minimized me
chanical impedance at resonance leads to enhanced vibration amplitude 
and energy conversion, whereas at anti-resonance, the system exhibits 
high impedance with suppressed motion [47]. To further support this 
interpretation, side-view photographs of the MME harvester during 
operation were captured at both resonance and anti-resonance fre
quencies. The images clearly show that the vibration displacement of the 
cantilever is significantly larger at 60 Hz and visibly reduced at 63.6 Hz. 
These results visually confirm the mechanical resonance behavior and 
have been included in the Supporting Information (Fig. S5).

Finally, the energy generated from the PFA-treated Metglas 
laminate-based MME generator was utilized to demonstrate practical 
applications such as illuminating the light-emitting diodes (LEDs) and 
constructing a self-powered IoT sensor system. In this regard, a Helm
holtz coil for generating a magnetic field of 8 Oe, a conventional full- 
wave bridge rectifier for converting AC signals into DC signals, and a 
storage capacitor for storing the rectified energy were used. As shown in 
Fig. 4a, the rectified electrical energy from the PFA MME generator at 8 

Oe was sufficient to illuminate the 100 LEDs continuously under indoor 
conditions. Further, a self-powered IoT environmental monitoring sys
tem was demonstrated to develop an MME generator as a power source 
in a real-life application, as shown in Fig. 4b–i and 4b-ii. Initially, the 
output of the MME generator was rectified and then used for charging a 
1 mF capacitor to operate the IoT-based temperature sensor (eZ430- 
RF2500, Texas Instrument). The environmental IoT sensor system senses 
and transfers the ambient environmental information to the monitoring 
computer every 10 s through wireless transmission and provides real- 
time monitoring on the computer screen, as shown in Fig. 4b–iii. 
Fig. 4c depicts the charging and discharging profile of the 1 mF storage 
capacitor during the IoT sensor operation by using the output energy of 
PFA MME generator at 8 Oe. Interestingly, the capacitor was fully 
charged to 3.5 V within 14 s, and a slight dip in the voltage (~3.2 V) was 
observed while connecting the sensor but quickly restored to the initial 
value of 3.5 V. However, no significant change in the capacitor voltage 
was noticed while sensing and transmitting the ambient environmental 
data to the monitoring system, thanks to the larger and continuous en
ergy generation by the PFA MME generator. The results show that the 
MME composite generator with high energy generation performance 
enabled by the PFA process has the potential to be a sustainable energy 
source for realizing self-powered environment monitoring systems.

4. Conclusions

In summary, we demonstrated an MME generator composed of 
piezoelectric PMN-PZT crystal and PFA-treated magnetostrictive Met
glas alloy with improved magnetic and mechanical properties. The 
enhanced piezomagnetic and mechanical properties of PFA-treated 
Metglas enable a promising approach to fabricate a high-performance 
MME generator. The PFA-treated MME generator exhibited an 
improved αME and maximum RMS output power as compared to that of a 
pristine Metglas-based MME generator. The PFA MME generator could 

Fig. 4. (a) The generated electric energy from the MME generator with the PFA Metglas laminate enabled 100 LEDs to be turned on. (b) Demonstration of a self- 
powered IoT environment monitoring system. (i) Photograph of the temperature monitoring system consisting of an MME generator, energy conversion circuit, 
digital oscilloscope, Helmholtz coil, PC monitoring, and IoT temperature sensor. (ii) The generated power from the MME generator is supplied to the IoT sensor. (iii) 
The measured ambient temperature data from the sensor is transmitted to the PC monitor screen in real time. (c) The charging and discharging voltage response of 
the storage capacitor while sensor operation by the MME generator.
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be able to generate an open-circuit Vrms of 26 V, a short-circuit current of 
0.46 mA, and a maximum Prms of 3.0 mW under a magnetic field of 8 Oe, 
which are significantly higher than the values of a pristine Metglas 
laminate-based MME generator. The generated electrical energy from 
the PFA MME harvesting device could continuously operate an IoT 
environmental sensor without any significant voltage drop in the storage 
capacitor. These findings demonstrate the practical feasibility of a PFA- 
treated MME generator as a sustainable energy source in self-powered 
IoT devices.
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