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Abstract

Asymmetries in bistable energy harvesters — arising from manufacturing
tolerances, assembly misalignments, or operational conditions — are tradi-
tionally viewed as detrimental to performance. This study challenges that as-
sumption through a comprehensive experimental investigation, demonstrat-
ing that controlled asymmetries can, under specific conditions, enhance en-
ergy harvesting. A prototype system was tested with asymmetry introduced
via magnet rotation and shaker base tilting. We explored a wide range of
configurations, excitation levels, and initial conditions. Results show that
rotating the magnet weakens the magnetic attraction, shifting the resonance
frequency downward. While base tilting utilizes gravitational effects to mod-
ify the magnetic interaction, further reducing its strength. Although pro-
nounced asymmetries reduce power output at higher frequencies, they can
significantly improve performance at lower frequencies, depending on sys-
tem dynamics and excitation. Monostable and chaotic responses were also
characterized numerically and experimentally. Overall, the findings reveal
that asymmetry, when properly controlled, is not a flaw but a tunable design
parameter to optimize bistable energy harvester performance.
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1. Introduction

Energy harvesting technologies aim to convert ambient energy—such as
solar, wind, heat, and mechanical vibrations—into usable electrical power.
Among these, vibration energy harvesting (VEH) has gained considerable at-
tention due to its ubiquity across scales, from microelectromechanical systems
(MEMS/NEMS) to large structures like vehicles and aircraft [1, 2, 3, 4, 5].
In many environments where solar and wind energy are inaccessible, per-
vasive vibrations transform wasted mechanical energy into a promising re-
source for low-power applications, including wireless sensor networks, embed-
ded systems, and portable electronics [6, 7]. Among available transduction
mechanisms—electrostatic, electromagnetic, and piezoelectric—piezoelectric
energy harvesting (PEH) stands out for its higher energy density, simplicity,
and scalability [2, 5, 8].

Over the last two decades, cantilevered piezoelectric coupled beams have
emerged as the standard VEH architecture, enabling a variety of designs
and applications. However, conventional linear PEH devices exhibit efficient
energy conversion only near their natural frequency, thereby limiting their
operational bandwidth. To broaden the frequency range, researchers have
explored multi-degree-of-freedom systems [9, 10], multimodal designs [11, 12],
adaptive tuning mechanisms [13, 14], and metamaterials [15, 16].

Nonlinear approaches, particularly bistable systems, have emerged as a
robust solution to these bandwidth limitations by enabling enhanced energy
capture under broadband or random excitations. Pioneering work demon-
strated that magnetic coupling can induce bistability and significantly in-
crease power output compared to linear designs [17, 18, 19]. Since then, a
variety of nonlinear mechanisms have been investigated—including monos-
table, bistable, and multistable architectures [20, 21, 22, 23, 24], nonlinear
piezoelectric coupling [25, 26, 27], and nonlinear damping effects [28, 29,
30]—further enriched by advanced models [31, 32, 33, 34, 35].

Despite these advances, nonlinear VEH systems inherently exhibit com-
plex dynamics such as multi-stability, chaotic behavior, and strong sensitivity
to initial conditions [36, 37]. Analytical studies have revealed intricate bi-
furcation phenomena [38], coexistence of solutions [39, 40], and significant
dependence on system parameters [41, 42]. Moreover, nonlinear responses
under various excitation types—parametric [43, 44], galloping [45, 46], and
random [47, 48]—have been extensively analyzed.
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Among the factors influencing performance, asymmetry is often unavoid-
able in practical bistable energy harvesters. Arising from manufacturing
imperfections (e.g., magnet misalignments, beam deformation), assembly in-
accuracies, or operational effects (e.g., gravitational bias, bolt loosening, en-
vironmental variability) [49, 50], asymmetry has historically been viewed as
detrimental. However, recent theoretical and numerical studies indicate that
controlled asymmetry can modify system dynamics and, under certain con-
ditions, enhance performance [51, 52, 53]. For example, Wang et al. [51] ex-
plored multiple solutions in asymmetric systems under harmonic excitation,
while Cao et al. [54] investigated the influence of time-varying potentials
linked to asymmetry in human motion. Further, the role of bias angle ad-
justments on output power has been demonstrated in [55, 56], and our own
numerical work confirmed that careful asymmetry compensation can restore
symmetric-like behavior [57, 58, 59].

Despite these promising findings, experimental investigations of asym-
metry effects remain limited. Prior studies have generally focused on iso-
lated asymmetry sources, such as magnet mismatch, and have not addressed
the complex interplay of multiple asymmetries—namely, magnet positioning
and structural inclination—that commonly occur in real-world applications
[51, 56, 60].

This work addresses this gap by presenting a comprehensive experimental
study of a bistable energy harvester subjected to combined asymmetries from
magnet rotation and base inclination. We systematically characterize the sys-
tem’s nonlinear dynamics, power output, and dynamic responses—including
both monostable and chaotic regimes—across a wide range of configurations
and excitation levels. Our findings reveal that, contrary to conventional as-
sumptions, controlled asymmetry can be strategically exploited to enhance
performance, particularly at low excitation levels where traditional designs
are limited.

The paper is structured as follows: Section 2 presents the mathematical
modeling and numerical characterization of the system. Section 3 details
the experimental apparatus and testing methodology. Section 4 discusses
the experimental results and dynamic behavior analysis. Finally, Section
5 summarizes the main conclusions and outlines potential future research
directions.
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2. Numerical exploration of the asymmetric dynamics

In this section, we introduce the mathematical formulation of the piezo-
electric bistable energy harvester under both symmetric and asymmetric con-
ditions and then present a detailed numerical exploration of its dynamic
behavior. We begin with an overview of the dynamics of the system to es-
tablish the underlying physical principles, followed by numerical simulations
that reveal the influence of asymmetry on the response of the system.

2.1. Mathematical modeling of the dynamical system

The classic piezoelectric bistable energy harvesting system consists of a
rigid base supporting a vertical cantilever ferromagnetic beam with a fixed-
free configuration. Two permanent magnets, symmetrically positioned near
the lower part of the base, generate a nonlinear restoring force, resulting in
two stable equilibrium points (potential wells) and one unstable equilibrium
point. When the energy of the system exceeds the potential barrier, it un-
dergoes interwell motion (snap-through behavior); otherwise, it remains in
intrawell (monostable) motion.

In the upper section of the beam, where deformation is highest, a pair
of piezoelectric layers is bonded and clamped. These layers are connected to
a resistive circuit, converting kinetic energy into electrical energy, which is
then dissipated through the resistor. An illustration of this system is shown
in Fig. 1A.

The dimensionless lumped equations for the symmetric bistable energy
harvester under harmonic excitation are given by [19]

ẍ+ 2ξẋ− 1

2
x(1− x2)− χv = f cos(Ωt) (1)

v̇ + λv + κẋ = 0, (2)

where ξ is the damping ratio, χ and κ are the piezoelectric coupling coeffi-
cients in the mechanical and electrical equations respectively, λ ∝ 1/(RlCp)
is a reciprocal time constant, f is the forcing amplitude, and Ω is the ex-
citation frequency. The initial conditions (x0, ẋ0, v0) represent the initial
displacement, velocity, and voltage of the system.

The mean power generated is calculated as

P =
1

T

∫ t0+T

t0

λv(t)2 dt, (3)
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Figure 1: Schematic illustration of (A) symmetric and (B) asymmetric bistable energy
harvesting systems. (C) Potential energy of the symmetric system with identical wells.
(D) Potential energy of the asymmetric system, where the left well is deeper due to magnet
misalignment and base tilting. Red circles indicate stable equilibrium points and blue stars
indicate the unstable equilibrium point.

which represents the temporal average of the instantaneous power λv(t)2 over
a period T [61].

Achieving a perfectly symmetric system in practice is challenging. To
capture realistic asymmetries, additional terms are introduced. In partic-
ular, a quadratic nonlinearity with coefficient δ is added to model magnet
misalignment [62, 49], and an external gravitational force term proportional
to p sin(φ) accounts for the effect of base tilting (with φ being the tilting an-
gle) as illustrated in Fig. 1B. This extended model bridges the gap between
idealized symmetry and real-world asymmetry:

ẍ+ 2ξẋ− 1

2
x(1 + 2δx− x2)− χv = f cos(Ωt) + p sin(φ) (4)
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v̇ + λv + κẋ = 0. (5)

where δ quantifies the quadratic nonlinearity arising from magnet position-
ing, and p represents the equivalent dimensionless gravitational acceleration
due to the base tilt. Nondimensionalization of the equations ensures that
simulation results are comparable across different asymmetry configurations.

The nonlinear restoring force of the asymmetric bistable system is defined
as

Fnl(x) = −1

2
x(1 + 2δx− x2)− p sin(φ). (6)

Setting Fnl(x) = 0 yields three equilibrium points (one unstable, two
stable). Figures 1C and D illustrate the potential energy for symmetric and
asymmetric cases, respectively. In the asymmetric case, differences in the
depth of the potential wells—affected by both magnet positioning and base
tilting—lead to distinct energy barriers for transitions between equilibria.

2.2. Numerical characterization of the dynamics

The equations of motion [Eqs. (1)–(5)] are integrated numerically using a
fourth-order Runge–Kutta method with a relative tolerance of 10−6 and an
absolute tolerance of 10−9. Simulations are conducted over a sufficiently long
time span with a high sampling resolution to capture transient and steady-
state behaviors. The simulation parameters are set to ξ = 0.01, χ = 0.05,
λ = 0.05, κ = 0.5, and p = 0.59, while Ω, f , φ, and δ are varied to explore a
wide range of operating conditions. Initial conditions are selected based on
the stable equilibria of Eq. (6), i.e., (x0, ẋ0, v0) = (x̄1,2, 0, 0), ensuring that the
simulations accurately reflect the response of the system near these points.

Figure 2 presents phase portraits for various configurations under low,
medium, and high excitation levels. In Fig. 2A, the symmetric system (δ = 0,
φ = 0◦) exhibits intrawell motion at low excitation, transitions to chaotic be-
havior at medium levels (evidenced by a strange attractor), and eventually
shows periodic interwell motion at high excitation. Figures 2B–D illustrate
the dynamics of asymmetric systems. For example, in Fig. 2B, with δ = 0.15
and φ = 10◦, the right potential well is deeper, resulting in lower oscillation
amplitudes near that well, while the left well exhibits higher amplitudes.
Conversely, Fig. 2C (with δ = −0.15, φ = 10◦) shows stronger attraction at
the left, causing larger oscillations when initial conditions are near the right
magnet. The trajectories (depicted in red, blue, and green) serve as indi-
cators of intrawell, interwell, and invariant (initial condition–independent)
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responses, respectively. Annotations on the figures further highlight these
key dynamic features.
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Figure 2: Numerical phase portraits for (A) the symmetric system and (B–D) asymmetric
systems under low, medium, and high excitation levels. Red and blue lines represent
trajectories initiated at the left and right stable equilibria, respectively, while the green
line indicates trajectories that are independent of the initial condition.

Figure 3 illustrates the corresponding energy harvesting performance,
with mean power computed according to Eq. (3). Notably, at high excitation
levels the mean power converges across configurations; however, at interme-
diate levels the harvested energy varies significantly with initial conditions
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and system asymmetry. This trend underscores the practical importance of
controlling asymmetry to optimize power output.
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Figure 3: Mean output power of symmetric and asymmetric bistable energy harvesters for
the configurations in Fig. 2. Dashed lines separate excitation regimes, and different colors
indicate distinct initial conditions.

For a more detailed dynamic analysis, including basins of attraction and
bifurcation diagrams, we refer the reader to our previous work [57].

3. Experimental apparatus and testing methodology

This section details the experimental setup used to investigate asymmetry
in a bistable energy harvester. We describe the prototype design, instrumen-
tation, and testing protocols that enable controlled evaluation under both
symmetric and asymmetric conditions.

3.1. Prototype description

To explore the effects of asymmetry, we fabricated a test prototype illus-
trated in Fig. 4 consisting of four major components:

I Supporting Structure: A lightweight aluminum frame, assembled in two
parts, provides a rigid base that permits both linear translation and
adjustable rotation.

II Clamping Device: Ensures a secure attachment of the piezoelectric cou-
pled beam with zero deflection, emulating a clamped boundary condition
at the end.

8



III Instrumented Piezoelectric Beam: A spring steel beam (dimensions: 145
× 25.4× 0.25 mm3) is equipped with piezoelectric sensors (MIDÉ qp16n)
bonded on both surfaces using high-shear epoxy adhesive (3M DP460N).
The piezoelectric patches are connected in parallel to a load resistor with
resistance RL = 106 Ω, approximating an open-circuit condition. Two
rigid steel lumped masses are symmetrically attached at the free end
to reduce the natural frequency of the piezoelectric coupled beam and
enhance magnetic interaction.

IV Rotatable Neodymium Magnets: Two cylindrical permanent magnets,
housed in 3D-printed adjustable holders, provide a attractive magnetic
force with the steel masses. This magnetoelastic interaction generates a
nonlinear restoring force, establishing a stable equilibrium point at each
magnet. The magnet holder positions (both linear and angular) can be
independently altered to create symmetric or asymmetric configurations.

Figures 4A-B show the system under symmetric conditions (magnet hold-
ers and shaker oriented horizontally), while Figs. 4C-E illustrate various
asymmetric configurations, achieved by rotating the left magnet holder (C),
rotating the shaker base (D), or both (E).

3.2. Instrumentation and signal flow

The entire assembly is mounted on an electromagnetic shaker (TIRA Vib
Modal Exciter S 51110-M) with an adjustable base. Three measurement
modalities are used:

• Acceleration Measurement: An ICP® miniature accelerometer (PCB
model 352A24, 98 mV/g, 0.5 g) is attached to the base to record accel-
eration.

• Voltage Measurement: The voltage across the load resistor, generated
by the bimorph piezoelectric layers, is monitored to capture the elec-
trical output.

• Velocity Measurement: A single-point laser vibrometer (Polytec OFV-
505) measures the absolute velocity at a point near the beam tip. A
reflective tape is applied to enhance the signal-to-noise ratio; the vi-
brometer is mounted on a tripod to maintain proper orientation even
when the base is rotated.
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Figure 4: Experimental setup of the bistable energy harvester. (A) Photo of the system
mounted on an electromagnetic shaker, showing the linear translation and rotation capa-
bilities of the magnet holders and base. (B) Diagonal view of the system, with numbered
components. (C-E) Photos of the system under different asymmetric configurations: (C)
left magnet rotated, (D) base rotated, and (E) both left magnet and base rotated.
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Figure 5 presents the signal flow diagram. The DAQ system (LMS
SCADAS Mobile) generates the excitation signal (fed to a TIRA BAA 500
power amplifier and then to the shaker) and simultaneously acquires data
from the accelerometer, voltage sensor (using 10× attenuation probes), and
vibrometer (after signal conditioning through the Polytec OFV-5000 control
unit). The base acceleration is introduced to the DAQ’s reference channel
via ICP coupling. The DAQ is interfaced with a computer running LMS
Testlab software.

3.3. Excitation protocols and data acquisition

3.3.1. Swept sine excitation tests

Swept sine is applied over the 0− 20 Hz range. Tests are performed with
1600 spectral lines, providing a frequency resolution of ∆f = 15.625 mHz
and a time interval of ∆T = 15.625 ms over an analysis period of T = 64
s. A low input voltage (Vi = 5 mV) is used to avoid snap-through motion.
Hanning windows are applied to reduce digital filter leakage, following stan-
dard practices [63]. These tests primarily determine the fundamental natural
frequencies at both bistable positions and offer preliminary insights into the
asymmetry-induced nonlinear restoring forces.

The base drive transmissibility tests are conducted on the test prototype
to measure the electromechanical voltage transmissibility by comparing the
output voltage to the input acceleration in the frequency domain. Purely
systemic viewpoint, this expression is given by

α(ω) =
Vo(ω)

Ai(ω)
, (7)

where α(ω) is the voltage FRF, Ai(ω) stands for the input base acceleration
and Vo(ω) stands for the output voltage. The quantities in Equation 7 are
in the frequency domain, representing the Fourier transforms of their time-
domain variables [63]. In this work, the FRF is estimated using motion
transmissibility calculated from single side auto and cross-spectrum densities
Gii(ω) and Gio(ω), as defined in Equation 8 (see [63] for details).

H1(ω) =
Gio(ω)

Gii(ω)
. (8)

3.3.2. Single-frequency excitation tests

For nonlinear systems with multiple coexisting responses, single-frequency
tests provide a clearer picture of the dynamic behavior. The system is excited
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at various frequencies and amplitudes (ranging from low to high) to capture
regular and irregular motions. To accurately capture superharmonic fre-
quencies, the time resolution is improved to ∆T = 7.8125 ms. The measured
velocity is integrated in the frequency domain to reconstruct its displacement
trajectory. Additionally, Poincaré maps—constructed using a stroboscopic
approach with the excitation frequency—are used to visualize the global non-
linear dynamics [37].

4. Results and discussion

The experimental results are analyzed in two main parts. First, we exam-
ine the frequency response of the system under swept sine excitation to assess
changes in natural frequency and damping due to asymmetry. Second, we
analyze the power output and state-space dynamics under single-frequency
excitation to correlate dynamic behavior with energy harvesting performance.

4.1. Frequency response under swept sine excitation

Swept sine excitation tests were conducted using a low input voltage (5
mV) to confine the beam’s motion to intrawell oscillations. Figure 6 shows
the Frequency Response Function (FRF) for various system configurations,
with red curves representing oscillations around the left equilibrium and blue
curves corresponding to the right equilibrium.

In the symmetric configuration (φ = ϑL = ϑR = 0◦; Fig. 6A), the natural
frequencies at the two equilibria are nearly identical, confirming that the
restoring forces are balanced. In contrast, when only one magnet is rotated,
the natural frequency shifts noticeably. For example, Fig. 6B (with ϑR = 30◦)
shows a lower natural frequency for the right equilibrium, while Fig. 6C
(with ϑL = 30◦) shows a similar shift for the left equilibrium. These shifts
are attributed to the reduction in magnetic attraction caused by increased
magnet-to-beam distances.

When the base is rotated (Fig. 6D; φ = 45◦ with ϑL = ϑR = 0◦), the
FRF indicates that the natural frequency is higher for the left than for the
right equilibrium points, due to the influence of the gravitational component.
In configurations combining base and magnet rotation (Figs. 6E-F), the in-
terplay of gravitational and magnetic effects becomes evident: while the left
magnet rotation (Fig. 6E) shifts the natural frequency downward, a compen-
satory effect is observed when the right magnet is rotated (Fig. 6F), where
the frequencies nearly converge to symmetric values. Table 1 summarizes
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the natural frequencies for all cases, highlighting the quantitative impact of
asymmetry on system dynamics.

The FRF also provides critical insights into energy harvesting efficiency,
as its amplitude reflects the damping characteristics of the system. Generally,
lower and wider peaks indicate higher damping, which results in greater
energy dissipation, reduced oscillation amplitude, and thus, lower energy
conversion. For the symmetric configuration (Fig.6B-F), the FRF exhibits
peaks of varying amplitudes, with higher peaks corresponding to the magnet
with weaker attraction. This observation suggests that asymmetry influences
the effective distribution of damping, leading to different rates of energy
dissipation and ultimately affecting overall energy harvesting performance.

Case
Natural frequency (Hz)

Left position Right position

(A) φ = 0◦ , ϑL = 0◦ , ϑR = 0◦ 9.21 9.18
(B) φ = 0◦ , ϑL = 0◦ , ϑR = 30◦ 7.00 9.60
(C) φ = 0◦ , ϑL = 30◦, ϑR = 0◦ 7.54 9.18
(D) φ = 45◦, ϑL = 0◦ , ϑR = 0◦ 7.97 7.25
(E) φ = 25◦, ϑL = 30◦, ϑR = 0◦ 4.64 8.42
(F) φ = 25◦, ϑL = 0◦ , ϑR = 60◦ 8.12 7.76

Table 1: Natural frequency of the responses presented for the left and the right position
for each case shown in Fig. 6.

Summary: These FRF measurements demonstrate that asymmetry—introduced
either via magnet rotation or base tilting—can significantly alter the natu-
ral frequency and, by inference, the energy dissipation characteristics of the
harvester.

4.2. Power output and state-space analysis under single-frequency excitation

In addition to swept sine excitation tests, single-frequency experiments
were performed to investigate the power harvesting performance and dynamic
behavior in both intrawell and interwell (chaotic) regimes.

4.2.1. Power output analysis

Two excitation frequencies were selected: 9.1 Hz, which aligns with the
natural frequency of the symmetric system, and 6.3 Hz, which approximates
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Figure 6: Frequency responses of the bistable energy harvester under a 5 mV input voltage
excitation for various configurations. (A) Symmetric (φ = ϑL = ϑR = 0◦), (B) Asymmet-
ric (φ = ϑL = 0◦, ϑR = 30◦), (C) Asymmetric (φ = ϑR = 0◦, ϑL = 30◦), (D) Asymmetric
(φ = 45◦, ϑL = ϑR = 0◦), (E) Asymmetric (φ = 25◦, ϑL = 30◦, ϑR = 0◦), (F) Asym-
metric (φ = 25◦, ϑL = 0◦, ϑR = 60◦). Red curves represent the response about the left
equilibrium, while blue curves represent the response about the right equilibrium.

the frequency of resonances observed in asymmetric cases. The average power
output is calculated using

Pavg =
V 2
rms

RL

, (9)
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where Vrms is the root mean square voltage and RL is the load resistance.
Figures 7–10 summarize the average power outputs under different base

rotation angles and magnet configurations. For instance, when the base ro-
tation is null (φ = 0◦, Fig. 7), the asymmetric configuration with left magnet
rotation yields higher power at 6.3 Hz, while at 9.1 Hz, the configuration with
right magnet rotation performs better. As the base rotation increases (10◦,
25◦, and 45◦), the energy harvesting performance varies, revealing that both
excitation frequency and the interplay of magnet and base rotations critically
affect power output. Notably, lower natural frequencies favor power genera-
tion at 6.3 Hz, whereas higher natural frequencies favor 9.1 Hz excitation.
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Figure 7: Average power output of the bistable energy harvester for various magnet con-
figurations at φ = 0◦ under excitation frequencies of (A) 6.3 Hz and (B) 9.1 Hz.
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Figure 8: Average power output for various magnet configurations when the base is rotated
by φ = 10◦ under excitation frequencies of (A) 6.3 Hz and (B) 9.1 Hz.
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Figure 9: Average power output for various magnet configurations when the base is rotated
by φ = 25◦ under excitation frequencies of (A) 6.3 Hz and (B) 9.1 Hz.
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Figure 10: Average power output for various magnet configurations when the base is
rotated by φ = 45◦ excitation frequencies of (A) 6.3 Hz and (B) 9.1 Hz.

Figure 11 presents the average power output for different base rotation
angles without magnet rotation. The results clearly show that the asymmet-
ric configuration outperforms the symmetric one at 6.3 Hz. However, at 9.1
Hz, the symmetric configuration yields the highest power output across all
excitation amplitudes.

Summary: The power output varies with excitation frequency and asym-
metry configuration. In many cases, asymmetric configurations outperform
the symmetric case, although the optimal setup depends on the specific fre-
quency and excitation amplitude.
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Figure 11: Average power output for various base rotation angles (with no magnet rota-
tion) under excitation frequencies of (A) 6.3 Hz and (B) 9.1 Hz. The symmetric system
(with φ = 0◦) is used as a reference.

4.2.2. State-space and Poincaré analysis

The state-space analysis further investigates the dynamic of the system
by reconstructing its trajectory (displacement vs. velocity) from the mea-
sured velocity and estimated displacement (obtained via frequency-domain
integration) and by computing the corresponding Poincaré maps. The orbit
size provides insight into energy harvesting efficiency: larger orbits indicate
higher displacement and greater energy conversion, while smaller orbits sug-
gest lower displacement and reduced energy harvesting. Numerical results,
based on the governing equations in Eqs. 4 and 5, provide a qualitative com-
parison with experiments.

The motion of the system is first analyzed in the monostable regime under
a 50 mV excitation at 6.3 Hz. Video S1 (electronic supplementary material)
illustrates its experimental response for different configurations. To ensure
numerical consistency, parameters are set to observe an equivalent response
from the experimental tests. For the symmetric configuration (ϑL = 0◦,
ϑR = 0◦, and φ = 0◦), the equivalent numerical parameters are ξ = 0.01,
χ = 0.05, λ = 0.05, κ = 0.5, p = 0.59, δ = 0 and φ = 0◦, with excitation
parameters f = 0.05 and Ω = 0.8 ensuring a monostable regime. For the
asymmetric configuration (ϑL = 30◦, ϑR = 0◦ and φ = 25◦), the equivalent
numerical parameters are adjusted to δ = 0.70 and φ = 25◦, while excitation
remains f = 0.05 and Ω = 0.8. The initial conditions of the numerical
results are defined with zero initial velocity and voltage, while the initial
displacement is set at each stable equilibrium point.
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In Figure 12, the top panels (A and C) show experimental results in
dimensional units, while the bottom panels (B and D) present numerical
simulations in dimensionless form. Panels A and B correspond to the sym-
metric configuration, and panels C and D correspond to the asymmetric
configuration. Although a direct quantitative comparison is not possible due
to the different scales, the qualitative behavior is remarkably similar. The
experimental results (Fig. 12A) display a period-one orbit with superimposed
Poincaré points, confirming a stable response. A slight difference in energy
between the left and right orbits in the experimental data hints at minor
unintentional asymmetries.

For the asymmetric configuration, the experimental results (Fig. 12C)
show that the orbit around one equilibrium (typically the left) contains more
energy than the other. This observation aligns with the FRF results and
underscores the significant influence of controlled asymmetry on the system’s
dynamics.
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Figure 12: Phase portraits and Poincaré maps in the monostable regime for symmetric (left
column) and asymmetric (right column) configurations. Red points denote the Poincaré
map. Negative displacement orbits correspond to the left equilibrium, while positive ones
correspond to the right equilibrium. (A) and (C) present experimental results; (B) and
(D) show numerical simulations.

Next, the excitation parameters are adjusted to induce chaotic motion
using the same configurations from Fig. 12. Experimentally, chaos occurs at
6.5 Hz with 150 mV for the symmetric case and 172 mV for the asymmetric

19



case (see Video S2). Numerically, it is observed at f = 0.083 and Ω = 0.8
for the symmetric case and f = 0.26 and Ω = 0.5 for the asymmetric case,
with initial conditions set at a stable equilibrium point.

Figure 13 similarly shows experimental results (top panels) and numerical
simulations (bottom panels). Both sets of results reveal complex interwell
motions and fractal Poincaré maps. In the symmetric case, numerical re-
sults display perfectly symmetric orbits, while experimental data show slight
asymmetry, likely due to system imperfections, as previously discussed. In
the asymmetric case, the experimental and numerical maps consistently indi-
cate that the orbit around the right equilibrium is larger, reflecting a deeper
potential well and a higher energy requirement for interwell transitions.

The numerical Poincaré map contains more points due to the shorter ex-
perimental time series, but the fractal pattern remains visible. Additionally,
chaotic motion in numerical results emerged only at higher excitation levels,
producing larger attractors than in the symmetric case. Despite the lack of
model calibration, the qualitative agreement provides insights into system
dynamics and the role of magnetic attraction in asymmetry modeling.

4.2.3. Energy harvesting performance

Figure 14 summarizes the experimental average power under both in-
trawell (monostable) and chaotic regimes. In the intrawell regime, the sym-
metric system shows nearly equal power at both equilibria, whereas the asym-
metric system displays significant disparity, with higher power output from
the equilibrium where the system retains more energy. In chaotic motion,
both systems produce higher power; however, the asymmetric system gener-
ally yields superior performance.

Overall Summary: The results indicate that the dynamic response and
energy harvesting performance of the bistable system are strongly influenced
by asymmetry. While symmetric configurations offer balanced behavior, ap-
propriate asymmetry (through magnet and base rotation) can enhance power
output under specific excitation conditions, albeit with greater sensitivity to
initial conditions and nonlinear effects.

5. Final remarks

This paper presents an in-depth experimental analysis of a bistable energy
harvesting system, demonstrating how controlled asymmetries—introduced
via magnet rotation and shaker base tilting—affect both its dynamic behavior
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Figure 13: Phase portraits and Poincaré maps under chaotic motion for (A-B) symmetric
and (C-D) asymmetric configurations. The maps reveal a fractal structure with multiple
intersecting trajectories, confirming chaotic dynamics.

and energy conversion performance. A custom-designed prototype was tested
under symmetric and various asymmetric conditions, and its performance was
characterized across different initial conditions and excitation intensities.

Frequency-domain analysis under swept sine excitation revealed that asym-
metry alters the natural frequency of the system. Specifically, rotating the
magnets reduces the restoring force by increasing the distance between the
magnet and the beam, thereby lowering the natural frequency at the corre-
sponding equilibrium point. The base rotation (e.g., anticlockwise tilt) re-
duces the beam’s attraction to the right equilibrium point, effectively shifting
its natural frequency downward. These findings indicate that the precise con-
figuration of magnet and base rotations can be tuned to modulate the asym-
metry intensity, although these relationships depend on prototype-specific
parameters such as magnet dimensions and positioning.
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Time-domain experiments under single-frequency excitation further demon-
strated that asymmetric configurations can outperform the symmetric sys-
tem under certain conditions. In many cases, asymmetric configurations yield
higher power output at lower excitation frequencies, while strong asymme-
try—especially with a high base tilt—can result in reduced power at higher
frequencies. Moreover, state-space trajectories and Poincaré maps reveal
that imposed asymmetries significantly influence the system’s oscillatory be-
havior, affecting both stability and energy distribution across equilibrium
points.

In summary, our experimental study provides critical insights into the dy-
namic behavior and energy harvesting performance of bistable systems under
asymmetrical conditions. The results suggest that, while symmetric designs
offer balanced responses, intentionally engineered asymmetry can serve as
a powerful design parameter to optimize energy harvesting performance in
nonlinear systems. These findings pave the way for future research aimed
at exploiting controlled asymmetries to enhance the efficiency of practical
energy harvesting devices.
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Supplementary data

Movie S1: Vibration Test of a Bistable Energy Harvester under Monos-
table Motion (Symmetric and Asymmetric Configurations). This video demon-
strates intrawell oscillations of the bistable energy harvester when excited at
a single frequency and amplitude. Both symmetric and various asymmetric
configurations are tested, highlighting the differences in dynamic response
under monostable conditions.

Movie S2: Vibration Test of a Bistable Energy Harvester under Chaotic
Motion (Symmetric and Asymmetric Configurations). This video captures
the chaotic oscillatory behavior of the bistable energy harvester under single-
frequency excitation. The tests, performed for both symmetric and asym-
metric configurations, illustrate the complex dynamics and the influence of
asymmetry on system performance.
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The data used in this study are available at the GitHub repository BistableX:
Bistable eXploration in Energy Harvesting, which can be accessed at
https://americocunhajr.github.io/BistableX.
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