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ABSTRACT

Magnetic field energy harvesting based on the magneto-mechano-electric (MME) principle offers a promising approach for
realizing self-powered Internet of Things systems. However, the magnetic fields in daily environments are stray and weak (<0.1
mT), greatly limiting the output power and practicality of conventional MME harvesters. Given the frequent coexistence of distinct-
frequency magnetic field and vibration excitations in real-world scenarios, there is an urgent need for a compact and designable
dual-mode harvester to unlock performance limits. Here, we present a mode-split MME harvester that leverages the first symmetric
and second antisymmetric bending modes to most efficiently capture vibration and magnetic field, respectively. Mode-dependent
internal couplings are integrated, where dual magnetic coupling enhances the magnetic field harvesting power density by 292%,
and multi-stage internal resonance provides a 19-fold gain for vibration harvesting. The integration of the synchronous electric
charge extraction technique further boosts the actual charging power by 493%, achieving a system-level charging power density of
36.59 mW/cm?/mT?. Finally, a wireless self-powered sensing system is developed and deployed in a representative trackside dual-
excitation scenario. Dual-mode synergy shortens the cold start time by 56% and sensing interval by 50%. This work demonstrates
a promising solution for efficient multisource energy harvesting in practical field deployments.

chemical batteries must be minimized [2]. Energy harvesting
technologies provide a route to self-powered operation by con-

1 | Introduction

With the rapid growth of the Internet of Things (IoT), countless
wireless sensor nodes (WSNs) have been deployed across different
industrial environment to automate sensing and data collection
[1], driving the advancement of Industry 4.0. As deployments
scale, sustainability becomes critical, and reliance on replaceable
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verting ambient energy sources such as vibration [3, 4], magnetic
fields [5, 6], light [7, 8], wind [9, 10], and heat [11, 12]. In real-
world environments, such as vehicle traction systems, high-speed
railways, and high-voltage transmission lines, low-frequency
vibrations often coexist with stray 50/60 Hz magnetic fields.
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Infrastructure operating in such harsh environments requires
continuous structural health monitoring. Efficiently harvesting
both inputs to power sensing can reduce maintenance demands
and extend service life, yet doing so requires harvesters that can
operate across disparate frequencies while remaining robust to
irregular excitations.

For magnetic fields at fixed frequency of 50/60 Hz, the magneto-
mechano-electric (MME) harvester is an effective approach for
scavenging stray magnetic energy because of their high power
density [13, 14]. A typical MME harvester is a cantilever that com-
bines a piezoelectric layer and an elastic layer with a magnetic
tip mass at the free end, converting magnetic energy to electricity
through mechanical motion [15-18]. Performance improvements
have progressed along three complementary directions. The first
direction is to optimize the energy conversion module, using low-
loss piezoelectric single crystalline fibers such as PMN-PZT [19,
20], and high-performance piezoelectric ceramics such as PZT
[21], PMNN-PZT [22]. In addition, Lim et al. [23] reported a
triboelectric MME cantilever that delivered 708 V peak-to-peak
at a magnetic field of 0.7 mT, addressing applications with high
instantaneous power demand. The second concentrates magnetic
flux at the harvester to form an effective field. Song et al. [24]
proposed a magnetic flux concentrator for MME harvesters and
achieved 3.3 mW power at a weak magnetic field of 0.8 mT,
corresponding to 285% of a baseline design. Patil et al. [25]
employed a magnetic lens to concentrate the weak magnetic
flux, yielding a 288% enhancement over a no-lens configuration.
The third optimizes the magneto-mechanical mechanisms by
tailoring magnet layout, elastic-layer architecture, and mode
coupling to reduce mechanical loss in conventional cantilevers.
Sriramdas et al. [20] proposed a dual magnetic mass strategy that
improved performance by 280% relative to a conventional can-
tilever. Lee et al. [26] used multilayer magnetostrictive material
as the elastic layer to enhance bending moments under magnetic
fields. Furthermore, mode coupling designs such as T-shaped
[27], I-shaped [28], X-shaped [28], U-shaped [29], and tuning-
fork structures [30] have substantially boosted output under weak
fields.

Most MME harvesters maximize power by tuning their natural
frequency to the magnetic field frequency. This can also enable
vibration harvesting when the magnetic field and vibration
excitations coincide. Dong et al. [31] first demonstrated a multi-
stimuli MME harvester and showed that magnetic-field and
vibration energy can be harvested simultaneously. Zhou et al. [32]
explored the electrical output of a cantilevered MME harvester
under combined magnetic and vibration excitation at its first
three modes. However, these demonstrations assumed identical
magnetic fields and vibration frequencies, a condition rarely met
in practice. To improve the adaptability, Song et al. [33] introduced
a multi-beam design with a bandwidth of over 30 Hz. Although
the usable band is broadened, only one beam usually operates
effectively at a time, which limits utilization.

In the daily living environment (Figure 1a), magnetic fields and
vibrations usually coexist. Using these two sources increases
the available power and enables more self-powered applications.
However, vibrations near vehicle traction systems, train-induced
vibration, and wind-induced galloping of high-voltage lines are
typically below 50 Hz [34-37], different from the surrounding

magnetic field. Moreover, the persistence and intensity of stray
magnetic fields and vibrations vary substantially across scenarios,
underscoring the need for a designable and efficient dual-
mode energy harvesting scheme. To date, there are no reported
demonstrations of simultaneously harvesting magnetic fields and
vibrations at distinct frequencies. The main obstacles are: (1) flex-
ible dual- or multi-frequency design. For cantilevered MME
harvesters, it is difficult to allocate the first two modes accurately
and keep them sufficiently close. (2) effective mode assignment
to maximize output. Inappropriate mode selection leads to large
performance imbalances, and a single structure rarely provides
two modes that are each well matched to magnetic field and
vibration inputs. (3) performance-enhanced strategies for random
excitations. Engineering excitations, especially vibrations, are
typically broadband and irregular, which depresses output, so
practical systems need built-in modal coupling or other methods
to boost power performance.

In our work, we introduce and demonstrate a dual-mode MME
harvester capable of capturing both vibration and magnetic field
energy. Our main innovation lies in proposing mode decoupling
and introducing two internal coupling mechanisms, dual mag-
netic coupling and multi-stage resonance, to achieve designable
and efficient distinct-frequency magnetic field and vibration
energy harvesting. The mode decoupling realizes the first sym-
metric bending mode to be flexibly tuned below 50 Hz to match
with vibration excitations while maintaining the second antisym-
metric bending mode at 50 Hz for magnetic field harvesting. Dual
magnetic coupling enhances the magnetic field harvesting power
density by 292% at an extremely weak magnetic field of 0.024
mT, and multi-stage internal resonance increases the vibration
harvesting power density by 19-fold at a vibration acceleration
of 0.3 g (g = 9.8 m/s*). Moreover, a carefully optimized SECE
interface further improves the system performance, leading to
493% enhancement in the actual extracted power. Meanwhile,
an ultra-low-power WSN for wireless temperature monitoring
is designed, requiring only 0.6 mJ of energy for initial startup
and achieving reliable operation at only 0.02 mT. Notably, the
system’s performance is rigorously validated under magnetic field
and irregular track vibration impacts, demonstrating reliable self-
powered operation and wireless data transmission. Dual-mode
synergy reduces the cold start time and sensing interval of WSN
by 56% and 50%, respectively. These results provide the first prac-
tical demonstration of concurrent magnetic field and vibration
energy harvesting at different frequencies, enabled by separate
mode utilization and mode-dependent internal coupling.

2 | Results

2.1 | Principle of Magnetic Field/Vibration
Dual-Mode Energy Harvester

An all-in-one dual-mode harvester, consisting of three host beams
and two elastic support beams, is illustrated in Figure 1b. For each
unit, two piezoelectric ceramics are symmetrically attached to
upper surface of the host beam, and a pair of vertically symmetric
magnets is placed at the beam center. This clamped-clamped
design enables higher output with smaller displacement [38],
enhancing the harvester’s versatility and adaptability to varying
magnetic field strengths across a wide range of applications. It
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Principle of magnetic field/vibration dual-mode energy harvester and its application scenarios. a, Application prospects of the proposed

harvester in smart cities. b, Configuration and dual-mode operation of the harvester. The second antisymmetric bending mode is assigned to magnetic

field harvesting, while the first symmetric bending mode is used for vibration harvesting. c, Working principle of magnetic field energy harvesting using

dual magnetic coupling.
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should be noted that the two ends of the host beams are not
rigidly clamped and are internally coupled with other host beams
through elastic support beams. Two elastic support beams link
the three host beams and are fixed on an acrylic base.

In the compact structure, mode-dependent internal couplings
are integrated for enhancing magnetic field and vibration energy
harvesting. The structural second antisymmetric bending mode is
dedicated to magnetic field harvesting. This mode matches with
the excitation form of field-induced moment, enabling stronger
vibrations and efficient energy coupling. In the coupled mode, the
middle beam bends antisymmetrically(Figure 1b). Interactions
among the permanent magnets mounted on different host beams
generate additional moments that regulate the bending angle dif-
ference, aligning it with the coupled mode and thereby enhancing
energy harvesting efficiency. The first symmetrical bending mode
is assigned to vibration harvesting. Vertical excitation readily
activates this mode, and the three-beam configuration enables
multi-stage internal coupling resonance that boosts electrical
output by an order of magnitude (Figure 1b). It should be noted
that this mode cannot be activated under a vertical magnetic field,
as the field is aligned with the magnet’s polarization direction
and therefore produces no magnetic field-induced moment on
the magnets. A further advantage of the design is the mode
decoupling design. By adjusting the elastic support beams, the
first natural frequency can be shifted flexibly across the low-
frequency range, while the second natural frequency remains
almost unchanged. This adaptability is particularly valuable for
practical engineering applications.

Specifically, the working principle of the dual magnetic coupling
for magnetic field energy harvesting is illustrated in Figure 1c.
When two permanent magnets are placed side by side with
the same polarity, their field lines repel in the middle and
bend outward, creating a lateral thrust. This lateral permanent
magnet interaction (PMI) produces a moment that is nearly linear
with small deflection angles, thereby amplifying beam bending
and improving magnetic field harvesting efficiency. When an
alternative magnetic field is just applied, field-induced moments
are generated on the magnets, and they will drive the respective
host beams to bend about their centers (Figure 1c-i). Owing to
structural symmetry, the two outer beams bend in the same
direction, whereas the middle beam bends in the opposite direc-
tion (Figure 1c-ii). This relative deflection angle generates a PMI
moment, which increases the beam bending until equilibrium
is reached (Figure 1c-iii). The equilibrium bending amplitude is
determined by the balance between the field-induced moment
and the PMI moment, and the closer this angle is to that of
the coupled mode, the higher the harvesting efficiency. As the
magnetic field is reversed, the bending amplitudes of all three
beams decrease, and their bending direction reverses (Figure 1c-
iv and v). When the magnetic field reverses again, the system
transitions to the states shown in Figure 1c-vi and iii, thus
realizing periodic motion and energy conversion.

2.2 | Dual Magnetic Coupling for Enhanced
Magnetic Field Energy Harvesting

The introduction of PMI enables the clamped-clamped MME
harvester to achieve both scalability and higher voltage/power

density. In this section, we investigate how to configure PMI
can allow the potential energy of permanent magnets to more
effectively assist magnetic field harvesting. Figure 2a illustrates
the single-beam configuration, along with its simulated magnetic
flux density (mesh shown in Figure S1), time-domain voltage
responses, and RMS voltages at different magnetic field intensi-
ties. When the number of beam-magnet units is expanded, the
PMI effect is introduced, making magnet polarity arrangements
a key factor requiring optimization.

In Configuration 2, two host beams are equipped with magnets
in opposite polarity (Figure 2b). In the interaction region, their
magnetic induction lines merge and attract one another, gener-
ating a mutual force along the y-axis (Figure 2b-i; Figure S2b).
When the two host beams bend around the y-axis and a relative
rotation angle forms between them, an attractive PMI moment is
generated around the same axis (Figure 2b-ii; Figure S3a). This
PMI moment enforced synchronous motion of the two magnets,
resulting in voltages of piezoelectric energy harvesters (PEHSs)
on both host beams with nearly same amplitude and phase.
(Figure 2b-iii; Figure S5). In Configuration 3, the two magnets are
equipped with same polarity (Figure 2c). In the interaction region,
their magnetic induction lines repel one another (Figure 2c-I;
Figure S2c), producing a repulsive force along the y-axis whenever
a relative angle develops between the two magnets (Figure 2c-ii;
Figure S3b). The PMI moment promotes the rotation of one
magnet while partially hindering that of the other. As a result,
the voltages of PEHs on the two host beams differed, with one
producing a higher output and the other a lower output. Their
voltage waveforms also displayed a clear phase difference (Figure
S6; Figure 2c-iii).

The two-beam configuration enables effective coordination
between the two magnetic field harvesting units, resulting in
a higher voltage output. To further examine the scalability of
the proposed framework, three-beam structures are designed as
Configurations 4 and 5 (Figure 2d,e). In Configuration 4, the
middle magnet is equipped with opposite polarity to the magnets
on both sides, so the magnetic field lines in the interaction region
attract each other (Figure 2d-i; Figure S2d). When a relative
rotation angle forms, the PMI moment acts to synchronize the
motion of the three beams. However, because the torque of the
middle magnet is twice that of the side magnets (Figure 2d-
ii; Figure S4a), a bending angle difference is also reflected in
the time-domain voltage response (Figure S7). The middle beam
therefore exhibited higher voltage output compared with the
sides (Figure 2d-iii). In Configuration 5, the middle magnet has
the same polarity with the two side magnets, and the magnetic
field lines in the interaction region repel each other (Figure 2e-i;
Figure S2e). When a relative rotation angle develops, the yielded
repulsive PMI moment facilitates the bending of the two side
magnets, and opposite bending of the middle magnet (Figure 2e-
ii; Figure S4b). As a result, there was a certain phase difference
between the time-domain voltages on the middle beam and the
two side beams (Figure S8). A smaller voltage was generated
on the middle beam, while the side beams showed significantly
enhanced voltage responses (Figure 2e-iii).

Figure 2f compares the RMS voltage outputs of the five config-
urations. The total RMS voltage increased with the number of
host beams, confirming that the framework is scalable. Voltage
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FIGURE 2 | Configurations and performance of dual magnetic coupling. a, Configuration 1 with a single-beam-magnet unit. i-iii, Simulated
magnetic flux density, time-domain voltage response of one PEH, and RMS voltage of each beam at different magnetic field intensities. b, Configuration
2, consisting of two beam-magnet units with opposite polarity. i-iii, Simulated magnetic flux density, PMI moment of the right magnet, and RMS voltages
at different field intensities. c, Configuration 3, consisting of two beam-magnet units with the same polarity. i, ii, iii, Simulated magnetic flux density, PMI
moment of the right magnet, and RMS voltages at different field intensities. d, Configuration 4 with three beam-magnet units, where the central magnet
has opposite polarity to the side magnets. i-iii, Simulated magnetic flux density, PMI moment of the middle magnet, and RMS voltages at different field
intensities. e, Configuration 5, consisting of three beam-magnet units with the same polarity. i-iii, Simulated magnetic flux density, PMI moment of
the middle magnet, and RMS voltages at different field intensities. f,g, Comparison of RMS voltages and voltage densities for all five configurations at
different magnetic field intensities. h, Comparison of voltage density between Configurations 1 and 5 at different excitation frequencies.
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densities are further evaluated using the device volume to
quantify the benefits of dual magnetic coupling (Figure 2g).
Configurations 3 and 5 based on repulsive PMI designs, achieved
higher voltage density because the magnets’ potential energy
is primarily used to assist bending and to generate a bending
angle difference that better matches the antisymmetric bending
mode, rather than being consumed in synchronizing beam
motion as in attractive designs. Among these, Configuration 5
delivered the best performance, with PMI moment increasing
voltage density by up to 191% compared with Configuration 1.
This advantage persisted across a wide range of excitation fre-
quencies, maintaining high performance over a broad bandwidth
(Figure 2h).

2.3 | Performance Optimization for Magnetic
Field Energy Harvesting

To achieve efficient magnetic field energy harvesting, careful
tuning of the host beam’s second natural frequency f,,, is essen-
tial. This frequency depends on both the magnet mass and the
beam’s geometric parameters. Beam length is inversely related to
natural frequency; therefore, maintaining f,,; = 50 Hz requires
increasing magnet mass as the beam becomes shorter (Figure
S9a). Increasing beam thickness raises its bending stiffness and
requires increased magnet mass to maintain resonance, but this
comes at the cost of a bulkier device (Figure S9b). Moreover, the
placement of piezoelectric ceramics is also essential. To maximize
conversion efficiency, they must be positioned near the central
magnet, where stress is highest (Figure S9c). However, placing
them too close risks collision when the magnets rotate, leading
to fracture. To avoid this, a practical clearance of about 1 mm is
maintained during installation.

To evaluate the harvester’s performance, a test environment was
setup Figure 3a, with a detailed view of the prototype provided
in Figure S10. The electrical performance of Configuration 1
and Configuration 5 was further examined. Configuration 1
generated RMS open-circuit voltages and short-circuit currents
of 6.76/12.3/21.6/45.4 V and 0.1/0.16/0.28/0.56 mA at B, =
0.1/0.3/0.5/1 mT, respectively (Figure Slla; Figure Sllb). By
contrast, Configuration 5 achieved 49.31/67.45/88.61/139.66 V and
0.675/0.88/0.95/1.6 mA under the same conditions (Figure 3c;
Figure 3d). The optimal average power outputs were
0.08/0.44/1.17/5 mW for Configuration 1 at loads of 90/90/80/70
kQ, and 2.52/5/6.83/16.55 mW for Configuration 5 at loads of
70/70/60/60 kQ (Figure Slic; Figure 3e). Peak power performance
of the two configurations is provided in Figure S12. Under a fixed
load of 70 kQ, Configuration 5 exhibited up to 20-fold higher
average power and 7-fold higher average power density compared
with Configuration 1. (Figure S13). This improvement decreased
with rising B,,,, as the field-induced moment gradually dominates
over PMI at higher field strengths.

Configuration 5 is selected as the final design because of its
outstanding performance. In this configuration, the repulsive
moment generated by the three magnets with identical polarity
promotes clockwise motion in beam 1/3 and counterclockwise
motion of beam 2, enabling better alignment with the struc-
tural coupling mode (Figure 1b) and thereby achieving optimal
performance (more detailed explanation provided in Figure

S14 and Note S1). Figure 2e-ii show that reducing the magnet
distance D significantly enhances the PMI moment. Therefore,
Figure 3f,g examine the effects of different D values on the
harvester performance. It is evident that under magnetic fields
greater than 0.1 mT, a smaller D effectively enhances the energy
harvesting performance. However, the performance under weak
magnetic fields below 0.1 mT is of greater concern in the field of
magnetic field energy harvesting [28, 29, 38], as it more closely
reflects the conditions encountered in most practical application
scenarios. As shown Figure 3g, at a relatively large distance of
D = 20 mm, the harvester achieved its best performance under
an ultralow magnetic field of 0.02 mT. However, as the magnetic
field increases, its performance advantage diminished, owing to
the decreasing proportion of the PMI moment relative to the field-
induced moment. When the distance D was reduced to 12 mm, the
PMI moment increased, and the performance advantage for B, >
0.06 mT became evident.

To highlight the advantages of dual magnetic coupling under
weak magnetic fields, we compared our proposed design with
our single clamped-clamped MME harvester and with the one
reported in [38] (Figure 3h). When B, < 0.05 mT, the harvester
with a D of 20 mm achieved optimal performance. Especially,
at B,. = 0.024 mT, the average power density of the multi-beam
design was 3.13 and 3.92 times those of the single clamped-
clamped MME harvester in our work and [38], respectively. The
harvester with a D of 12 mm achieved best performance when B,
> 0.05 mT; but at B,. = 0.024 mT, its performance even fell below
that of a single clamped-clamped MME harvester. A noteworthy
trend is that the normalized average power density decreases as
the magnetic field increases, indicating reduced energy harvest-
ing efficiency per unit magnetic field at higher field intensities.
This is mainly attributed to the one-sided amplification of the
magnetic field-induced moment, which reduces the proportion of
the PMI moment in the total moment and ultimately degrades the
system performance. Our simulations support this trend (Figure
S16 and Note S2). Meanwhile, under weak magnetic fields of
0.024 mT and 0.048 mT, reducing the magnet spacing D may
reduce the performance, mainly due to the pre-twist of the
beams caused by asymmetric lateral forces between the magnets,
which hinders their motion. In practical implementation, small
deviations in magnet properties, alignment, and beam parameters
are difficult to avoid and potentially amplify this pre-twist effect.
More detailed explanations are provided in Figures S15-S18 and
Note S2. Because our focus is on the harvester’s performance
under extremely weak magnetic fields, D = 20 mm is selected as
the final parameter. A design map for a multi-beam harvester is
also provided in Figure S19 and Note S3.

To further boost the harvester’s performance under extremely
weak magnetic fields, the SECE technique is integrated in the
proposed system (Figure S20). In this approach, the piezoelectric
charge is extracted at the voltage peak and transferred through
an inductor to a storage capacitor via a controlled switch,
enabling synchronous charge release and high mechanical-
electrical conversion efficiency (Figure 3i). The charge extraction
inductor is carefully optimized for our harvester, increasing the
capacitor voltage by 143%, leading to a 493% enhancement in
the actual extracted power (Figure 3j). As a result, a 10,000
uF capacitor was charged to 3 V with only 40 s at 0.1 mT
(Figure 3k). With the proposed configuration, the harvester can
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FIGURE 3 |

Performance optimization for magnetic field energy harvesting. a, Experimental setup for magnetic field energy harvesting evaluation.

b, Durability validation with over 30,000,000 cycles at B,. = 0.1 mT. c—e, RMS voltage, RMS current, and average power of Configuration 5 under the

same conditions. f, g, Average power of harvester at different magnet distance D, and a detailed view below 0.1 mT. h, Comparison of power density
between the proposed multi-beam design and a single clamped-clamped MME harvester. i, Circuit configuration with SECE technique for capacitor
charging tests. j, Optimization of energy extraction inductor and comparison of the voltage charging curves of a 2200 uF capacitor with and without

the SECE technique. k, Time-domain voltage curve of capacitors with different capacitance at B,.=0.1 mT. I, Time-domain voltage curve of a 2200 uF
capacitor at B,. < 0.1 mT. m, Comparison of the proposed harvester with other recently reported MME harvesters.
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charge a 2200 uF capacitor under an extremely low magnetic
field of 0.02 mT, achieving an average charging power density of
36.59 mW/cm?/mT? (Figure 31), which is 10 times higher than the
3.2 mW/cm?/mT? obtained by a single clamped-clamped MME
harvester in [38].

The durability of harvesters is critical, as it determines their
reliability in engineering applications. After 30,000,000 cycles
under a 0.1 mT magnetic field, both the multi-beam design and
the single clamped-clamped design maintained stable output
without significant degradation (Figure 3b; Figure S21), which
is consistent with the durability of single clamped-clamped one
reported in [38] under the same magnetic field condition. In
addition, the performance of the harvesters under environmental
variations is investigated. When the temperature increases from
20°C to 70°C, the voltage output showed a decreasing trend, with
the multibeam design dropping by 18% and the single clamped-
clamped MME harvester dropping by 13% (Figure S22a). The
larger decline in the multi-beam design is attributed partly to
the temperature-induced degradation of piezoelectric material
performance, and partly to temperature-related shifts in the
natural frequency, which have a more pronounced effect on
the resonance behavior of multi-beam systems. Both harvesters
exhibited no significant change within the relative humidity
range of 30-80% (Figure S22b).

As shown in Figure 3m, the normalized average power density of
the harvester and the normalized system-level average charging
power density are compared with the recently reported MME
systems. The normalized power density is obtained by dividing
the average power by the device volume and normalizing the
magnetic field strength to evaluate the harvester’s ideal power
performance, while the latter is derived by using the actual charg-
ing power of the complete energy harvesting system for capacitive
loads, thereby providing a more representative measure of the sys-
tem’s performance in practical applications. Our system achieves
anormalized power density of 78.04 mW/cm?3/mT? and a system-
level charging power density of 36.59 mW/cm?/mT?, representing
superior performance among recently reported works, owing
to the dual magnetic coupling design and the optimized SECE
circuit. Detailed data for the calculations are provided in Table
S2 [19, 23, 27-30, 38-41].

2.4 | Multi-Stage Internal Resonance for
Enhanced Vibration Energy Harvesting

In our proposed framework, simultaneous magnetic field and
vibration energy harvesting are expected, with a flexible and
robust mode decoupling design. To achieve efficient magnetic
field harvesting, f,,; must be tuned to 50 Hz by appropriately
designing host beam parameters (Figure 4a). This adjustment also
influences f;;, so the host beam parameters should be chosen
carefully to keep fi,; close to the vibration excitation frequency
(Figure S23). Importantly, f;; can then be further tuned by
modifying the support beam parameters or adjusting the spacing
between the magnets, which hardly affects f,,,, thus realizing
design decoupling for vibration and magnetic field harvesting.

It is worth noting that in the vibration harvesting mode, multi-
stage internal resonance among the host beams is achieved to

boost electrical output. As the lumped-parameter model shown in
Figure 4b, each piezoelectric beam is represented as an equivalent
mass-spring-damping unit. Owing to the structural symmetry,
the two support beams can be assumed to move identically and
are therefore also simplified as a single mass-spring-damping
unit. Integrating these components, the governing equation of the
coupled system can be expressed as

M, %, + Chb(xl. - Xg) + Khb(x_1 —Xg) +20V; =0 (1)
CVi+L —0(x;— ") =0

szf'z + Cpp (% = Xgp) + Kppp (X, — X)) +20V, =0 )

CoVo,+I,—0(%,—x43)=0

M;3%; + Cpp (5 — Xgp) + K (x5 — x5) + 20V = 0 3)

CpVi+I,—0(%; —Xy3)=0

Mgy 3sp + Csp (Xsp — Xo) + Kgp(Xsp — Xo) = Cpp (X1 — Xgp) — Kpp (X1 — Xgp)
—Chp (X2 — Xgp) — Knp (X3 — Xgp) — Cppz (%3 — Xgp) — Kpp3 (X3 — x5p) = 0
@
where M, (n =1, 2, 3), C),;, and K, represent the equivalent
mass, damping, and stiffness of the host beams, respectively. 6,
Cp, Vi, and I, (n =1, 2, 3) denote the electromechanical coupling
coefficient, equivalent capacitance, voltage, and current of the
PEHs, respectively. My,, Cy;,, and K, refer to the equivalent mass,
damping, and stiffness of the support beam, respectively.

Finite element simulations were performed to visualize the
coupled modes of the system (Figure 4c). Coupled mode 1
corresponds to the first symmetrical bending mode of the host
beams and operates with internal resonance among the three
beams. It is the primary mode for vibration energy harvesting
at f;. Coupled mode 2 provides additional vibration harvesting
capacity at f,,. Coupled mode 3 is associated with the second
antisymmetric bending mode of the host beams for magnetic
field energy harvesting at f,,;. In the decoupling design of f;
and f,,4, increasing support beam length reduces its equivalent
stiffness, thereby lowering f;;;, while f,,; remains nearly constant
(Figure 4d). This adjustment also enhances direct vibration cou-
pling and the internal resonance among the host beams, resulting
in higher voltage output. Similarly, reducing the spacing between
host beams D decreases f;; and promotes inter-beam interactions
(Figure 4e). Support beam thickness is another parameter for
tunning f,, (Figure S24), however, it is difficult to adjust once
selected, requiring careful design at the beginning.

Vibration energy harvesting test environment was established
to evaluate the harvester’s performance (Figure 4f; Figure S25).
Figure 4g shows the time-domain responses of the PEHs on
the three host beams at f;,, with voltage amplitudes and phases
nearly identical. It arises from the symmetrical lateral repulsion
between the upper and lower permanent magnets. The three
peaks in voltage and power corresponded directly to the three
coupled modes, broadening the bandwidth. At f;;; of 24 Hz, the
harvester achieved a maximum RMS voltage of 46 V, an average
power of 1.88, and a peak power of 8.76 mW (Figure 4h,i).
Owing to internal resonance, power generation performance was
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FIGURE 4 | Multi-stage internal resonance design for vibration energy harvesting. a, Mode-split design for simultaneous magnetic field and
vibration energy harvesting. b, Lumped-parameter dynamical model of the proposed harvester. ¢, Three main coupled modes of the multi-beam structure.
d, Effect of support beam length on frequency response, first natural frequency, and voltage output. e, Effect of spacing between host beams on frequency
response, first natural frequency, and voltage output. f, Experimental setup for vibration energy harvesting performance evaluation. g, Time-domain
voltage response of the harvester under 0.4 g excitation. h,i, RMS voltage, and average power of single-beam and multi-beam configurations at different
excitation frequencies under a constant acceleration of 0.4 g. j, Average power density and power density enhancement of the multi-beam configuration
at different excitation accelerations.
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amplified by an order of magnitude, with the average power
increasing by up to 64-fold and the power density by 19-fold
under 0.3 g excitation (Figure S28; Figure 4j). Time-domain
voltage responses of multi-beam and single-beam configurations
at different vibration accelerations are provided in Figures S26
and S27. These findings demonstrate that multi-stage internal res-
onance yields giant improvements in vibration energy harvesting
performance, enabling practical applications even under weak
vibrations.

2.5 | Application Demonstrations

We demonstrated the harvester’s practicality through several self-
powered applications. It successfully lighted 400 LEDs at 0.1 mT
(Figure 5b; Movie S1), and powered six bulbs, each with a rated
power of 1 W, at 0.3 mT using a configuration with a magnet
distance of 12 mm (Figure 5c; Movie S2).

Additionally, the harvester was used to power two commercial
hygrometers connected in parallel at B,. = 0.1 mT (Figure 5d).
At the beginning, the capacitor was charged and the operational
voltage increased gradually (Figure 5e). The hygrometers then
operated in an undervoltage state at around 1 V, with dim
display brightness. Once the voltage reached approximately 1.2V,
the hygrometers functioned normally. Its operational voltage
continued to rise, indicating surplus energy. When the magnetic
field was cancelled, the voltage quickly dropped below 1.0 V, and
the hygrometers shut down.

We further developed a wireless self-powered temperature mon-
itoring system to demonstrate its IoT applications (Figure 5a).
The integrated WSN, consisting of SECE units and rectifier units
(RU), an energy management unit (EMU), and a signal trans-
mission unit (STU), integrates functions of energy enhancement
and management, temperature sensing, and signal transmission
(Figure 5f; Figure S29). The RU converts the AC voltage into DC
voltage using six full-bridge rectifiers. The EMU then stabilizes
the output with a capacitor and regulates power delivery through
a buck converter. This converter incorporates an undervoltage
lockout (UVLO) mechanism to prevent inefficient operation
at low voltages and features an energy-indication design for
robust performance under variable conditions. Finally, the STU
is powered by the stabilized DC voltage, enabling temperature
sensing and wireless data transmission. The WSN features an
ultra-low-power design with an initial startup energy of only 0.6
mJ, which is one order of magnitude lower than that of other
WSNs designed for MME harvesters (Table S3). Powered by the
proposed energy harvesting system, it can be successfully started
under a magnetic field as low as 0.02 mT.

The voltage of the WSN was monitored to evaluate its operational
status when powered by the harvester with a magnet distance
of 20 mm. At a weak B, of 0.05 mT, the system operated
intermittently, transmitting temperature data each time the WSN
voltage reached 5V (Figure 5g). When B, was increased to exceed
0.1 mT, continuous operation was achieved after the voltage
reached 5 V for the first time. The input energy was surplus
to allow the voltage to finally stabilize at approximately 20 V
(Figure 5h; Figure S30). Under stronger magnetic fields, the
cold start time shortened significantly from 4.74 to 0.3 s, and

continuous temperature sampling at 1 Hz was achieved when
B,. > 0.1 mT (Figure S31).

2.6 | Trackside Applications Under Dual
Excitations

As shown in Figure 4d and Figure S32, the multi-beam
MME harvester features a mode decoupling design, supporting
independently designable magnetic field and vibration energy
harvesting at distinct frequencies. For conventional cantilever
and single clamped-clamped MME harvesters, variation of any
single structural parameter inevitably affects both the first and
second dominant frequencies simultaneously. As a result, multi-
parameter optimization is required to achieve the desired dual-
frequency design; however, optimization in a high-dimensional
parameter space is extremely time-consuming and challenging.
Another limitation of the single clamped-clamped MME har-
vester is its weak vibration energy capture capability in the
first vibration mode (Figure 4i,j). In contrast, in our multi-beam
design, this capability can be significantly enhanced through
internal resonance among multiple beams.

To validate the harvester’s ability to simultaneously capture mag-
netic field and vibration excitations, we installed it on a sleeper
in a real-world railway system for rail temperature monitoring
(Figure 6a). Temperature monitoring is essential for seamless
steel rails. When rail temperature rises more than 20°C above
the locking temperature, an alarm must be triggered, and main-
tenance should be carried out immediately to ensure operational
safety. In our concept, as a train passes the monitoring point, both
train-induced vibration and magnetic field excitations power the
WSN, enabling wireless transmission of rail temperature data to
the train, and reducing the need for frequent manual inspection.

To achieve this goal, we first evaluated train-induced sleeper
vibrations using a vehicle-track coupled dynamics model
(Figure 6b-i Figure S33). The vehicle model adopted the CRH350
train model operating at 300 km/h, and the track model employed
60 kg/m rails. The RMS acceleration of the wheel-rail impact was
approximately 1.6 g, with multiple low-frequency peaks below
50 Hz and the dominant component centered at 30 Hz (Figure
S34). To match these conditions, the tightness of our rail fasteners
was adjusted so that the dominant frequencies transmitted to the
sleepers aligned with the predicted first two frequencies of 25
and 30 Hz (Figure 6b-ii). Following the design process shown in
Figure 4a, the harvester was reconfigured so that its first three
coupled modes (Figure 4c) were located at 25, 30, and 50 Hz,
respectively (Figure 6b-iii), with the first two for random sleeper
vibration and the third for magnetic field harvesting. Finally, the
reconfigured harvester was installed in a prepared railway track
system. Train-induced vibrations were simulated using a force
hammer, and traction current across the rail was emulated with
an alternative magnetic field (Figure 6b-iv). The magnetic field
around steel rails is typically less than 2 mT [44]; here, a weaker
magnetic field of 0.02 mT was applied to validate the harvester’s
operation under extreme conditions. The vibration excitation
was controlled at an RMS value of 1.6 g, consistent with the
predicted results.

As shown in Figure 6c,d, the harvester operated effectively under
single excitations, with the dominant frequencies of the output
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FIGURE 5 | Self-powered application demonstrations. a, Photograph of the harvester powering a WSN for mobile temperature monitoring.

b, Demonstration of the harvester lighting 400 LEDs at 0.1 mT. ¢, Demonstration of the harvester powering six bulbs, each with a rated power of 1 W,
at 0.3 mT. d, Circuit configuration for powering two commercial hygrometers in parallel. e, Time-domain operational voltage of the two hygrometers
powered by the harvester at B,.=0.1 mT. f, Circuit configuration of a customized low-power WSN for mobile temperature monitoring. g,h, Time-domain
operational voltage of the WSN and corresponding temperature signals when powered by the harvester at B,.=0.05 and 0.1 mT.

Advanced Energy Materials, 2026 11 of 15

8508017 SUOLILIOD BA 181D 8ol |dde U Ag peuienoB 8. S3[ole YO ‘95N 4O S9N 104 AR1q1T 3UIIUO AB[IM UIO (SUORIPUOI-PUE-SWLBIALID" A3 I ARe1q 1 U UO//SA1IY) SUORIPUOD puUe SWid L 8L 88S *[9202/70/.T] uo Ateiqiauliuo A8|im ‘ABojoutos | % 80us1ds JO AlsieAiun Buos) BUoH 8y L Aq $TT90GZ02 WUSe/Z00T OT/I0PALIOD A8 I AReid Ul [UO"PeoueApe// Sty LWO14 popeojumoq ‘€T ‘9202 ‘0v89rToT



WSN & Vibrationimpact
Display terminal - Railway track

- Alternative magnetic field

RV

b | i. Phase 1 | ii. Phase 2 iii. Phase 3 iv. Phase 4
Evaluate sleepervibration using Adjust real rail and sleeper for Design harvester and sweep Trackside installation &
vehicle-track coupled dynamics required vibration excitations its characteristic frequencies Dual excitation tests

= E
S S
: 2. ML MH N
510 20 30 40 50 E10 20 30 40 50 60 2 4 6 8 10
L Freweneyin | Eo—p reeneytn) By | Fewesytn Tmew |
‘s
2 3 10! —
£ 2 Magnetic field t o 50 Hz
= = EWWWWWWWWWWY ~ 10
e 4L Bm002mT — 7 %5 a1 a2 i o
: ' =P
o = Al
: =3
E 0 | 1 1 1 1 E 0‘5 |— 1 L n
= 0 2 4 6 8 10 20 30 40 50 60

d__ Time (s) Frequency (Hz)
= S 10
e 10 - Vibration 5 g
T ams=1.6g, f=30 Hz ~ 102} |
g 5 '8 Mf" ~ Ji M
g £ 102N
= s ‘

D 0 = 104 ! ) )

< < T2 30 40 50 60
e Frequency (Hz)

220 3 10!

é Dual excitations p Vibration Magnetic field

5 ;’ 10»1 L 50 Hz

= 10 °

° 2 ana prove

a 5 10 I Gk

2o £ 108 : . :

= 0 2 4 6 8 10 20 30 40 50 60

Time (s) Frequency (Hz)

f 8 g -
. ———Dual excitations Magnetic field Vibration 20 eﬁ)ileéﬁ“am"s
> (0.02mT) 15 [ Imagnetic field
v 4 At | S

b o
g £ 10
S F s

Time (s) Cold start ~ Sensing interval
FIGURE 6 | Trackside application and dual-excitation tests. a, Schematic of the harvester deployed for high-speed railway rail temperature
monitoring and warning, and a photograph of the harvester installed in a real railway track system. b, Design process of the harvester tailored to dual
excitations near railway tracks. c, Instantaneous power output of the harvester under magnetic-field excitation (B,,,; = 0.02 mT) and its corresponding
frequency-domain characteristic. d, Instantaneous power output of the harvester under vibration excitation (a,,,; = 1.6 g and f = 30 Hz) and its
corresponding frequency-domain characteristic. e, Instantaneous power output of the harvester under dual excitations and its corresponding frequency-
domain characteristic. f, Time-domain operational voltage of the WSN powered by the harvester under magnetic field, vibration, and dual excitations.
g, Comparison of cold start time and sensing internal of the WSN under magnetic field, vibration, and dual excitations.
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power matching the corresponding natural frequencies. When
magnetic field and vibration excitations were applied simulta-
neously, their time-domain features were superimposed, and
the output power exceeds that obtained under either excitation
alone. In the frequency domain, distinct peaks appeared at 25,
30, and 50 Hz, confirming simultaneous harvesting of vibration
and magnetic field energy (Figure 6e). Furthermore, powering
the WSN in dual-excitation mode reduced the cold start time
and sensing interval by 56% and 50%, respectively (Figure 6f,g).
These results highlight the capability of the dual-mode harvester
to exploit multiple energy sources simultaneously, significantly
improving power generation efficiency.

3 | Conclusion

This work developed and prototyped a mode-split MME harvester
that employs mode-dependent internal couplings to simultane-
ously capture stray magnetic fields (50/60 Hz) and low-frequency
mechanical vibrations. By assigning magnetic and vibration
excitations to their most compatible bending modes, the harvester
achieves efficient dual-mode energy harvesting. Experimen-
tal results showed a system-level charging power density of
36.59 mW/cm?/mT? at 0.02 mT for magnetic field energy har-
vesting, substantially outperforming previously reported MME
energy harvesting systems. The introduction of dual magnetic
coupling yields a 292% increase in power density for magnetic
field energy harvesting at 0.024 mT, while multi-stage internal
resonance enhances the vibration harvesting power density by
19-fold at 0.3 g, compared with the single clamped—clamped
MME harvester. These findings demonstrate the effectiveness of
mode-dependent couplings in achieving high energy harvesting
efficiency under weak excitations.

Beyond device-level characterization, a self-powered railway
sensing system was developed for wireless rail temperature mon-
itoring. In the system, an energy management circuit comprising
the SECE unit, LTC3588-1 management module, and signal
acquisition and transmission module was integrated, where the
SECE boosts the actual extracted power by 493%. For real railway
track applications, the harvester was reconfigured so that its first
two coupled modes aligned at 25 and 30 Hz for train-induced
sleeper vibrations, and the third at 50 Hz for the alternative
magnetic field generated by rail return current. Under dual
excitations, both the time-domain output and frequency response
confirmed genuine co-harvesting rather than source switching.
The combined input reduced the cold start time and sensing
interval of the WSN by 56% and 50%, respectively, demonstrating
cooperative enhancement of energy availability.

To the best of our knowledge, this is the first practical demon-
stration of simultaneous magnetic fields and vibration harvesting
at distinct frequencies. Compared with conventional MME har-
vesters, the proposed mode-split design achieves higher electrical
output, tunable frequency configuration, and genuine dual-
mode operation, making it particularly suitable for powering
distributed sensors in environments with coexisting magnetic and
vibration sources. Overall, this work advances the environmen-
tal adaptability and engineering practicality of dual-excitation
MME harvesters, offering a promising pathway toward energy
self-sufficient IoT systems.

4 | Experimental Section
4.1 | Simulations of Dual-Mode Harvester

The moment generated by permanent magnet interaction was
simulated using COMSOL Multiphysics 5.6 via the magnetic field
module. During harvester design, solid mechanics, electrostatics,
and circuit modules were coupled to calculate modal shapes,
natural frequencies, and electrical responses. Sleeper vibrations
were evaluated using a vehicle-track coupled dynamics model
programmed in MATLAB R2019a and solved with the Zhai
method [45], with a time step size of 1x10™* s. A detailed
calculation process and the parameters used are provided in Note
S4 and Table S4.

4.2 | Fabrication of Dual-Mode Harvester

The harvester consists of three host beams, two support beams,
permanent magnets, four support columns, and a base. The host
beams were fabricated from Ti plates with a width of 10 mm and
a thickness of 0.4 mm, while the support beams used plates of the
same width and a thickness of 0.8 mm. PZT-5H ceramics were
symmetrically bonded to upper surface of the host beams using
epoxy resin adhesive and cured for 24 h. N52 NdFeB permanent
magnets were mounted at the center of each host beam and
vertically arranged in a symmetric configuration. The three host
beams were connected to the two supporting beams with epoxy
resin adhesive and cured for 24 h. Four acrylic support columns
were used to connect the support beams to an acrylic base,
secured by screws.

4.3 | Electrical Measurement of Dual-Mode
Harvester

For magnetic field energy harvesting tests, an AC magnetic field
generator was used, providing a frequency range of 0-50 kHz
and a maximum field intensity of 1.8 mT at 50 Hz. Vibration
energy harvesting tests were carried out using a vibration shaker
(APS 113). Electrical signals from the dual-mode harvester were
acquired with a four-channel oscilloscope (Tektronix MSO44).
For resistance optimization and capacitor charging tests, a resis-
tance decade box (IET RS-200 W) and a capacitance decade box
(IET RCS-500) were employed.

4.4 | Hardware Implementation of the WSN
Circuit

The circuit board of the energy-indication WSN was designed
and implemented using Altium Designer 20. The EMU was based
on a buck-converter controller chip (LTC3588-1), which regulates
voltage with an energy-conversion efficiency of 80-90%. A low-
power voltage comparator (MIC841) with adjustable hysteresis
was integrated to control the circuit’s operating modes. The STU
was designed around a Bluetooth system-on-chip nRF52832.

4.5 | Real Railway Track Installation and
Demonstration

A real railway track system was used to replicate actual appli-
cation scenarios of the harvester. The tightness of the fasteners
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was adjusted so that the vibration frequency characteristics of
the sleeper matched the predicted train-induced vibrations. The
harvester was rigidly mounted on the sleeper using screws. Both
magnetic field and vibration excitations were applied simulta-
neously to verify dual-stimuli performance and improvement in
powering the WSN. During the test, the operational voltage of
WSN was measured with a data acquisition module (NI 9229) and
recorded using SignalExpress software on a computer.
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