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Magneto-mechano-electric (MME) energy harvesters have emerged as a promising solution for main-
tenance-free power generation in rapidly expanding Internet of Things (loT) environments, where re-
placing or wiring batteries is impractical. MME devices convert weak alternating magnetic fields, ubig-
uitous around power infrastructures, into useful electrical energy through sequential magnetic, me-
chanical, and electrical transduction processes. This review summarizes recent advances across tri-
boelectric-, piezoelectric-, and hybrid MME architectures. Triboelectric MME generators employing
nano-engineered polymer surfaces, flash-induced surface modification, and nanoscale pattern replica-
tion demonstrate low-cost fabrication routes while achieving significantly enhanced voltage and cur-
rent outputs. Piezoelectric MME systems based on Mn-doped PMN-PZT single crystals highlight strat-
egies for improving mechanical quality factors and resonance-driven power generation. Further, hybrid
MME designs that integrate piezoelectric and electromagnetic induction mechanisms enable
high-power outputs exceeding tens of milliwatts, sufficient to operate multifunctional loT platforms
and charge practical energy-storage devices. Collectively, these studies illustrate a transition of MME
harvesting technologies from laboratory concepts to application-ready self-powered systems. Future
opportunities lie in broadband resonance design, modular harvester integration, advanced power man-
agement, and multi-source hybridization for robust long-term operation in real environments.

Keywords: Magneto-Mechano-Electric Generator; Energy Harvesting; Triboelectric Nanogenerator;
Piezoelectric Transduction; Self-Powered loT System
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Fig. 1. (a) Diagram of the operating principle of the MMTEG device under an AC magnetic field. (b) Photograph of the experimental
configuration used to evaluate the MME generator performance within a Helmholtz coil. (c) Schematic illustration describing the formation
of nano-textured PFA films. (d) Top-view SEM micrograph of the nano-engineered PFA surface created by the nano-bullet process. (e)
Comparison of open-circuit voltage outputs from MME devices fabricated with and without nano-structured PFA surfaces. (f) Short-circuit
current profiles of the MMTEG for both flat and nano-structured PFA films. (g) Conceptual diagram of a self-powered indoor positioning
system driven by the MME generator. Adapted with permission from Ref. [12]. Copyright 2019, Royal Society of Chemistry.
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Fig. 2. (a) Schematic representation of the fabrication sequence for the flash-processed MME nanogenerator and its use in an optogenetic
stimulation system. (b) Open-circuit voltage waveforms obtained from the generator before and after applying the flash-induced surface
modification. (c) Short-circuit current outputs measured from MME generator devices with untreated and flash-engineered Nylon surfaces.
(d) Photograph showing a flexible micro-LED illuminated by the rectified electrical output of the MME generator when exposed to
ambient 60 Hz stray magnetic fields. (e) Schematic representation of the in-vivo optogenetic stimulation experiment powered by the MME
nanogenerator. Adapted with permission from Ref. [13]. Copyright 2020, Elsevier B.V.
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Fig. 3. (a) Schematic illustration of the fabrication route for the nanoscale-patterned PMMA triboelectric layer, produced through a high-
resolution replication process. (b) Open-circuit voltage profiles of the MME devices equipped with either non-patterned or nanoscale-
patterned PMMA layers. (c) Short-circuit current signals generated by MME generator with and without nanoscale patterning. (d) Time-
dependent charging and discharging behavior of the storage capacitor powered by the MME generator during continuous energy harvesting
and IoT sensing operations (i). Sequential activation of the wireless environmental sensor, showing periodic voltage drops associated with
sensor wake-up and data transmission events (ii). The inset displays an example of environmental data captured and transmitted to a
smartphone. Adapted with permission from Ref. [14]. Copyright 2024, Royal Society of Chemistry.
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Fig. 4. (a) Schematic illustration depicting the fabrication sequence of Mn-doped PMN-PZT single-crystal fiber composites and their
integration onto a Ti cantilever to form the MME generator. (b) Impedance spectra of PMN-PZT single crystals containing different Mn
acceptor concentrations. (c) Frequency-dependent dielectric constant and loss (tan §) of Mn-doped PMN-PZT single crystals. (d) Calculated
RMS output power of MME generators incorporating PMN-PZT crystals with various Mn concentrations as a function of external load
resistance. (e) Photographs demonstrating the operation of the self-powered light-dimming system driven by the Mn-doped PMN-PZT
MME generator. Adapted with permission from Ref. [15]. Copyright 2023, Royal Society of Chemistry.
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Fig. 5. (a) Schematic illustration describing the fabrication of the MME generator using a rapid photon-flash. (b) Simulated temporal
temperature evolution at the Metglas surface during the applied flash pulse sequence. High-resolution TEM images of the pristine (c) and
flash annealed (d) Metglas surfaces, together with their FFT patterns. (e) Comparison of magnetic hysteresis curves for pristine and PFA-
treated Metglas laminates. (f) RMS output power of MME generators incorporating either pristine or flash-treated Metglas laminates as a
function of external load resistance. (g) Demonstration photographs of the self-powered IoT monitoring system. Adapted with permission

from Ref. [16]. Copyright 2025, Elsevier B.V.
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Fig. 6. (a) A schematic representation of the hybrid MME generator composed of piezoelectric and electromagnetic induction parts. (b)
Simulated bending profile and corresponding piezopotential distribution for the first resonance mode of the cantilever-type MME generator
(left). Finite-element model illustrating the variation of magnetic flux in the Cu coil induced by magnet motion at the first resonance
mode (right). (c) Simulated deformation pattern for the second harmonic mode (left). Simulated magnetic-flux modulation generated by
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generators employing undoped and 1 mol% Mn-doped PMN-PZT. (e) RMS power generated from the electromagnetic induction unit of the
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curve of a commercial 280 mAh LiFePO, battery powered solely by the hybrid MME generator. (g) Charging and discharging behavior of
a 224 mF energy-storage capacitor during operation of the multi-functional IoT sensing module. Adapted with permission from Ref. [17].
Copyright 2022, John Wiley & Sons.
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