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ABSTRACT

In this work, we investigate bursting dynamics in
piezoelectric energy harvesters as a strategy to enhance
performance under low-frequency (<10 Hz) excitations. A
mesoscale bistable harvester with permanent magnets is
modeled and numerically simulated, showing that bursting
regimes enable efficient frequency up-conversion,
providing an alternative to approaches based on moving
proof masses. Compared to classical inter-well oscillations,
bursting yields a substantial increase in harvested power,
with representative steady-state values of about 3.5 mW on
a 50 kQ load. These results highlight the potential of
bursting dynamics not only for energy harvesting from
sources such as human motion, but also for vibration
control and programmable devices.
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INTRODUCTION

Over the past 15 years, the field of energy harvesting
has focused on introducing various forms of nonlinearity to
enhance system performance, through both mechanical [1]
and electronic [2] strategies. This interest is motivated by
the need to overcome the inherent limitations of linear
resonant devices, which typically exhibit narrow
bandwidths and limited efficiency under broadband or low-
frequency excitations, such as those generated by ambient
vibrations [3]. Among the different nonlinear approaches,
magnetic interaction-based harvesters have attracted
considerable attention due to their ability to achieve
broadband responses and frequency up-conversion, which
are highly desirable features for real-world applications
[4].

Many studies have focused on designing new devices,
either to achieve miniaturization or to improve
performance through careful material choice and
optimization of external excitation forces. More recently,
however, attention has shifted toward peculiar nonlinear
dynamic regimes that may emerge in such systems. One
particularly intriguing phenomenon is represented by
bursting dynamics, which arise when intra-well oscillations
are superimposed on inter-well vibrations [5]. While this
behavior has been extensively studied in applied
mathematics [6] and biology [7], its potential for energy
harvesting remains largely unexplored. Importantly, it is
not yet clear whether the parameter ranges that support
bursting dynamics can be realistically achieved in meso-
and MEMS-scale devices.

In this work, we numerically show the effect of
bursting dynamics using a classical bistable piezoelectric
energy harvester. By tuning the design parameters without
altering the magnetic configuration, the system’s
performance can be significantly enhanced. This result
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suggests that existing, well-studied devices can be
adaptively optimized to improve dynamic response,
without the need for redesigning the structure. Beyond
energy harvesting, the proposed approach opens
perspectives in vibration control, where energy transfer
across different frequencies could be deliberately
modulated by suitable tuning.

The paper is structured as follows. First, the layout of
the system and the modeling strategy are presented. Then,
the numerical investigation is presented and discussed.
Finally, concluding remarks are provided in the last
section.

CONCEPTUAL DESIGN AND MODELING
The system considered in this study is illustrated in
Fig. 1.
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Figure 1: schematic of the energy harvesting device.

The system illustrated in Fig. 1 exhibits a bistable
potential due to the repulsive configuration of the magnets.
A piezoelectric bimorph cantilever is clamped on a frame
that oscillates harmonically under the action of an external
acceleration X. The mathematical model of the system was
developed using a lumped-parameter approach, with one
degree of freedom for each physical domain. Specifically,
x denotes the mechanical degree of freedom associated
with the cantilever tip displacement, while v represents the
voltage across the free electrode. This modeling choice
allows to retain the essential electromechanical coupling
and nonlinear magnetic interaction while keeping the
computational burden low, which 1is particularly
advantageous for extensive parametric studies. Although
distributed or finite element formulations could capture
additional details, previous works have shown that lumped-
parameter models provide accurate predictions of the
dynamic behavior. The harvester is connected to a purely
resistive circuit. Analytical details of the modeling
approach can be found in [8]. The nonlinear contribution
arises exclusively from the magnetic interaction. The
governing equations of motion are:

{m}'c' +cx + kx — 9V = forr + finag
(1)

Ci;+195c+£=0

where m is the total effective mass, c is the linear damping
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coefficient, derived from the quality factor Q, and k is the
linear stiffness of the cantilever. The parameter 9 is the
electromechanical coupling constant, while C is the
equivalent capacitance of the piezoelectric layers. The
dielectric constant of vacuum 1is assumed to be
£0=8.854x10712 F/m. The external force f exc corresponds to
the imposed harmonic acceleration, whereas fumag
represents the nonlinear magnetic interaction force
produced by the permanent magnets. The magnets used in
this work are cubic (side length 3 mm) with a
magnetization of 1.32 T, as reported in [8]. The geometrical
and physical parameters adopted in the numerical
simulations are summarized in Table 1.

Table 1: Geometrical and physical parameters of the

system
Parameter Value Description
b 18 mm Cantilever width
L 67 and 68 Cantilever length
mm
L, 60 mm PZT layer length
tiit 210 uym Titanium thickness
tpzT 180 um PZT thickness
Eit 115 GPa Titanium Young’s
Modulus
Epzr 60 GPa PZT Young’s Modulus
€31 -12 31 piezoelectric constant
N/(mV)
€33° (€0) 2000 Relative dielectric
constant
Piit 4.5 g/cm3 Titanium unit mass
PPZT 7.5 g/cm3 PZT unit mass
h 2 mm Gap between magnets
Q 200 Quality factor
R 50 kQ Load resistor

NUMERICAL RESULTS AND DISCUSSION
The system described by Eq. (1) was implemented in
MATLAB and solved using the Runge—Kutta method.
Time-domain simulations were performed over an interval
of 5 s, sufficiently long considering the natural frequency
of the corresponding linear system, about 73.12 Hz (with a
titanium substrate length of 61 mm). Three cases were
compared: (i) purely harmonic excitation without magnetic
interaction (i.e., a fully linear system), (ii) the same system
with magnetic interaction, and (iii) the magnetically
coupled system with a modified design parameter, namely
the substrate length. In the latter case, by increasing the
titanium layer length to 66 mm, the fundamental frequency
decreases to 69.01 Hz (5.5% reduction), which enables the
onset of bursting dynamics [4]. In this regime, a slow—fast
response emerges, where the low-frequency motion at the
excitation frequency coexists with a higher-frequency
oscillation of the harvester, yielding higher output voltages.
Fig. 2 shows the time history of the displacement for a
frequency of 1 Hz, an acceleration amplitude of 2 g, and a
50 kQ resistor. The red curve corresponds to the linear
system (without magnets), the blue curve represents the
enhanced response due to the selected magnetic

interaction, and the black curve depicts the bursting
dynamics, in which the assigned low-frequency response is
superimposed with the high-frequency response of the
harvester (69.07 Hz).

t [s]
Figure 2: Displacement time history of the vibration
energy harvester for excitation frequency of 1 Hz. Red:
linear case, Blue: classical interwell oscillation, Black:
system tuned on the bursting dynamics.

Figure 3 reports the displacement response for 7 Hz of
excitation frequency. Also in this case, higher-frequency
oscillations coexist with the slow response, although the
regime differs: the relatively high forcing frequency
prevents the complete decay of the bursting cycle.
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Figure 3: Displacement time history of the vibration
energy harvester for excitation frequency of 7 Hz. Red:
linear case, Blue: classical interwell oscillation, Black:

system tuned on the bursting dynamics.

In general, bursting dynamics can be triggered by small
variations in system parameters [5]. Here, the substrate
length is chosen as the tuning parameter, allowing fair
comparisons while keeping the PZT material, amount, and
placement constant. Figures 4-6 show the phase portraits
of the system voltage at 1, 3, and 7 Hz excitation. In all
cases, the properly tuned system (black) exhibits enhanced
instantaneous voltages compared with both the linear case
(red) and the standard bistable response without bursting
(blue). The yellow dots indicate the static stable equilibria
of the nonlinear bistable system.
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Figure 4: Phase portrait of the vibration energy harvester.
Red: linear case, Blue: classical interwell oscillation,
Black: system tuned on the bursting dynamics (1 Hz).
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Figure 5: Phase portrait of the vibration energy harvester.
Red: linear case, Blue: classical interwell oscillation,
Black: system tuned on the bursting dynamics (3 Hz).
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Figure 6: Phase portrait of the vibration energy harvester.
Red: linear case, Blue: classical interwell oscillation,
Black: system tuned on the bursting dynamics (7 Hz).

From Figures 4-6 it is evident that bursting can occur
across the entire frequency range analyzed, although its
persistence decreases at higher forcing frequencies. This is
expected, since higher-frequency excitation does not allow
the full dissipation of the high-frequency component,
which typically develops around a stable equilibrium. This
makes the phenomenon especially relevant for low-
frequency contexts, such as human motion (< 10 Hz). An
additional advantage of this regime is the realization of a
frequency up-conversion mechanism in a compact
configuration, without requiring additional moving masses.
For completeness, Figure 7 reports the average electrical
power obtained with a 50 kQ load at 7 Hz forcing. In the
bursting case, the system reaches about 3.5 mW of peak at
steady state.

T

t[s]
Figure 7: Instantaneous power of the vibration energy
harvester. Red: linear case, Blue: classical interwell

oscillation, Black: system tuned on the bursting dynamics
(7 Hz).

Another relevant aspect is damping sensitivity. Figure
8 shows the response at 7 Hz with a quality factor of Q =
20, ten times smaller than in the previous case. Despite the
increased damping, higher-frequency oscillations remain,
confirming the robustness of the strategy. This makes the
approach not only more effective for the analyzed device,
but also attractive for practical implementations. The
bursting dynamics highlighted is particularly relevant for
two main reasons. First, it demonstrates that compact
frequency up-conversion can be achieved without auxiliary
moving masses or additional subsystems, whose design
would increase complexity and overall device size. Second,
the slow—fast mechanism enables efficient operation at low
frequencies (down to 1 Hz), since the slow frequency
forcing allows significant inter-well oscillations.
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Figure 8: Phase portrait of the vibration energy harvester.
Red: linear case, Blue: classical interwell oscillation,
Black: system tuned on the bursting dynamics (7 Hz,

0=20).

CONCLUSIONS

In this work, we introduced bursting dynamics as a
novel mechanism to enhance the performance of nonlinear
vibration-based energy harvesters. Unlike most existing
approaches that rely on additional mechanical components,
such as moving proof masses or plucking mechanisms, we
showed that frequency up-conversion can be achieved in a
compact configuration by simply tuning structural
parameters. This strategy shows that even well-established
bistable layouts can exhibit previously unexplored
dynamic regimes that significantly improve efficiency. The
results highlight the broader potential of deliberately
steering systems toward bursting regimes, opening new
perspectives for the design of programmable devices that
exploit nonlinearities for both vibration energy harvesting
and vibration control applications. Future work will
address experimental validation of the concept and the
possible extension of this strategy to MEMS-scale devices.
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