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ABSTRACT

Vibration-related issues are common causes of failure in precision machines, and energy harvesting techniques can help mitigate harmful
vibrations and recycle waste energy. This Letter introduces an electromagnetic energy harvester utilizing a quasi-zero stiffness mechanism to
achieve simultaneous vibration isolation and energy harvesting. The system utilizes mutually exclusive magnets to generate positive stiffness
and flexible bending beams to offer negative stiffness, which counterbalances each other to realize quasi-zero stiffness. Physical prototypes
were fabricated, and their vibration isolation and energy harvesting performance were assessed under various magnet distances and excitation
conditions. Experimental results validate that the proposed system achieves both vibration isolation and energy harvesting. It exhibits out-
standing vibration isolation performance when the frequency exceeds 5 Hz. Notably, the magnet distance significantly affects the energy har-
vesting performance: compared to the 37 mm configuration, adjusting the magnet distance to 41 and 39 mm increased the power output by
54.9% and 31.7%, respectively. This study lays an important foundation for advancing integrated vibration isolation and energy harvesting

technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0274334

Vibration exists extensively in the natural environment, and vibra-
tion induced issues often lead to the failure of precision machinery.'
As a result, significant efforts have been dedicated to mitigate and sup-
press harmful vibrations. Depending on the mechanism, vibration
isolation techniques are typically categorized as passive,’’ semi-
active,” "' and active.”"* However, adopting vibrational energy har-
vesting techniques can convert harmful vibrational energy into useful
electrical energy. Common energy conversion mechanisms include
piezoelectric,l‘:”18 electromagne‘[ic,lk)’2 ! and triboelectric.”” > In recent
years, quasi-zero stiffness (QZS) vibration energy harvesting has
attracted significant research interest™® ** for its ability to passively sup-
press low and ultralow-frequency vibrations and simultaneously harvest
low-frequency energy.

By leveraging the QZS mechanism, Li and Jing” proposed a
bistable electromagnetic energy harvester specifically for wave energy
harvesting. They demonstrated that its efficiency was significantly
improved compared to the linear one. Inspired by the dynamic

coupling in bird limbs and tails, Fang et al.”* designed an energy har-
vester that integrates an X-shaped QZS isolator. Sui et al.”” developed
a QZS vibration isolation piezoelectric energy harvester with four flex-
ure beams and one spring. They validated its ability to isolate low-
frequency vibrations and achieve a power output of 3.191 mW at an
excitation displacement of 2.5 mm and a pre-stress of 66 N.

Most existing studies on QZS mechanism design focus on nega-
tive stiffness and its integration with linear springs. Yan et al.”* utilized
linear springs and mutually exclusive magnets as positive stiffness ele-
ments to counterbalance negative stiffness, achieving QZS with signifi-
cantly smaller deformations. However, the paper did not measure the
vibration isolation effect of the vibration isolator by shaking table
experiments. In addition, there existed fewer studies on the vibration
isolation and energy harvesting characteristics by using nonlinear posi-
tive stiffness. To address this gap, it is crucial to investigate the vibra-
tion isolation and energy harvesting performance based on QZS
mechanisms built on nonlinear positive stiffness. Such exploration not
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only deepens our understanding of nonlinear QZS dynamics but
also highlights their practical value in real-world applications. Such
QZS-based electromagnetic systems are well-suited for applications in
precision machinery (e.g., semiconductor equipment) requiring low-
frequency vibration isolation, as well as in self-powered sensors for
structural health monitoring, enabling sustainable wireless sensing
without the need for external power sources.

To achieve simultaneous vibration isolation and energy harvest-
ing, an electromagnetic energy harvester system based on QZS is pro-
posed, as shown in Fig. 1(a). The system employs a support platform,
three flexible beams, a guide rod, a pair of repulsive magnets, a base, a
sleeve, and a coil. In this study, the cylindrical magnets are axially mag-
netized, with magnetic poles located on their flat circular faces. This
configuration directs the magnetic field lines along the central axis,
ensuring strong axial flux linkage with the surrounding coil. The axial
alignment enhances electromagnetic induction efficiency by maximiz-
ing the magnetic flux variation during relative motion, in accordance
with Faraday’s law. The coupling effect of positive and negative stiff-
ness could produce the QZS characteristics at an appropriate magnet
distance. The coil is positioned outside the sleeve and fixed to the base,
aiming to harvest energy. Therefore, the system is capable of achieving
both vibration isolation and energy harvesting functions. Table T lists
the specific parameters of the harvester.

Figures 1(b) and 1(c) show the experimental setup for testing. In
the experiment, a shaker (VT-500) is used to generate sinusoidal exci-
tation. The prototype is mounted on the shaker. The sinusoidal excita-
tion with dual-target control of acceleration and displacement is
applied to the shaker. The initial condition is set to 5 Hz with an excita-
tion displacement of 2 mm, while the target condition is set to 20 Hz
with an excitation acceleration of 3 g. Two accelerometers are fixed at
the bottom and top of the prototype to measure the input and output
accelerations, respectively. These accelerations are recorded at 0.5 Hz
intervals in the range of 5-20 Hz. The acquired data are used to ana-
lyze the vibration isolation performance of the system. An external
resistor box is connected to the coil, and the voltage across the resistor
is measured using a NI data acquisition card (NI-9229).

From a theoretical perspective, the equivalent magnetic charge
model can be used to calculate the axial repulsion force between the
two permanent magnets. Assuming both magnets are uniformly mag-
netized along the axial direction (denoted by the unit vector e,) with
magnetization M= M e,, the corresponding surface magnetic charge
densities are given by

(@) (b)
Coil
Repulsive magnet
Flexible beam
Support platform
Base

ARTICLE pubs.aip.org/aip/apl

om = =M.

Let PM* and PM” be two identical magnets with radius R, height
h, and an axial center-to-center separation distance d. The total mag-
netic force between them results from four pairwise Coulomb-type
interactions between their magnetic surface charges. The total force
can be expressed as

MG kK T — 1y
FPM“,PMb = M(A)Ln ZZ (_1) * JJ JJ ﬁdSdek’.
sed Js,

k=1 k'=1 e =7

In this expression, , denotes the magnetic permeability of free
space, and M is the magnitude of the magnetization vector. Sy and Sy
represent the circular top (k= 1) and bottom (k = 2) faces of magnets
PM® and PM?, respectively. The factor (— 1)* * ¥ accounts for the sign
of the surface charges on each face. Surface integrals are evaluated in
cylindrical coordinates. Each surface element’s position vector is
defined as

r'cos ¢ r cos ¢
e = |rsing’ |, n=|rsing |,
Zy! Zk

where 7, ¥ € [0, R] are radial coordinates of integration; ¢, ¢’ € [0,
2] are angular coordinates; z; € {0, h} are vertical positions of PMa’s
surfaces; and z;' € {d, d+ h} are vertical positions of PM"”s surfaces.

The negative stiffness of the flexible beams is evaluated through a
combination of theoretical modeling and numerical calculations based
on the large-deflection beam theory.” Each flexible beam undergoes
significant geometric nonlinearity due to axial compression, resulting
in a non-monotonic force-displacement relationship. The total restor-
ing force in the vertical direction is obtained by summing the vertical
components of the axial forces from all three symmetrically arranged
beams.

The restoring force can be expressed as

E(2) =3 (dUb> L
2)=3-|— ) —,
‘ dAx VL2 + 22
where U, is the total strain energy of a single beam under large defor-
mation, L is the radial distance from beam base to platform center at

equilibrium, z is the vertical displacement of the platform, and Ax is
the axial compression, which varies with z and is defined as

©

™1 Power amplifier FEEse—_

FIG. 1. The electromagnetic energy harvester system: (a) schematic diagram, (b) and (c) experimental setup.
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TABLE I. The structural parameters of the system.
Description Parameters Values

Flexible beam
Magnet (N52)
Coil (6.8 Q)

Length (L) x Width (W},) x Thickness (H;)
Diameter (D,,) x Thickness (H,,)
Inside diameter (D,;) x Height (H,) x Wire diameter (D,,,) X Turns (N)

115 x 20 x 0.6 mm®
20 X 5mm’
24 mm X 25mm X 0.45 mm X 580

Ax(z) = Ly — VL? + 22

Ly, is the original length of the beam, and U, can be expressed as

Lo #w)’

U(Ax) = L ZEI(dxz) dx,
where EI is the flexural rigidity, and w(x) is the transverse deflection of
the beam. The axial restoring force of a single beam can then be calcu-
lated as the derivative %, and its vertical component is obtained by
projecting this force onto the vertical axis. The total vertical restoring
force is then determined by summing the vertical components from all
three beams.

The nonlinear repulsive force generated by a pair of mutually
repelling magnets™ enables multiple zero stiffness points within the
QZS range. Experiments are designed to investigate the effects of dif-
ferent magnet distances on the QZS characteristics. The harvester is
subjected to statics tests using a tensiometer to measure the reaction
force vs displacement curves, and the results are shown in Fig. 2. The
green curve represents the dynamic stiffness characteristics of the har-
vester. Varying the initial magnets distance to 37, 39, and 41 mm, the
harvester demonstrates excellent QZS characteristics. The correspond-
ing pre-stress conditions also change, and the zero stiffness points for
the three configurations are 4.50, 4.00, and 3.35 N, respectively.

The displacement transfer rate is a key index for evaluating the
vibration isolation performance of the harvester system. It is defined as
the ratio of the absolute displacement y, of the load to the excitation dis-
placement y; of the base. In the experiment, two accelerometers are
used simultaneously to measure the absolute acceleration of the load a,
and the excitation acceleration of the base a,. Adopting the acceleration
values evaluates the isolation performance in this Letter. The transmis-
sion can be calculated by the equation T'=20lg(a,/a;). When T=0,

7 —rx 0.8
\‘\ ——d=37mm — —d=37mm
b W\ —a=39mm  —--4=39mm
W ——g=dlmm  ----d=41mm |
3 )
— g
£4 04Z
D
8 2
= 5]
23 £
: O.Zﬁ
1 0.0
0 L L 1 1
0 5 10 15 20

Displacement (mm)

FIG. 2. QZS characteristics at different magnet distances.

meaning the output displacement amplitude exactly equals the input
displacement amplitude, the harvester reaches the critical condition,
and the corresponding frequency is denoted as fiica. When T'<0,
vibration isolation occurs. Specifically, when T= —20, indicating that
the output displacement of the prototype is only one-tenth of the input
displacement, the corresponding frequency is referred to as f~ 5ygp.

Figure 3(a) illustrates the displacement transfer rate curves vs fre-
quency at different magnet distances. It can be observed that the foitica
point of the prototype is below 5Hz under the three magnet distances
of 37, 39, and 41 mm, and the f~ ,oq4p point falls within the range of 10-
12Hz. Additionally, the displacement transmission decreases with
increasing frequency, which demonstrates the excellent vibration isola-
tion performance of the designed system.

Figure 3(b) illustrates the input and output acceleration time-
domain curves at frequencies of 9, 12, and 16 Hz. By analyzing the
sinusoidal peaks, it is evident that the vibration isolation effect is simi-
lar at 9, 12, and 16 Hz for d=37 and d=39mm. However, for
d =41 mm, the vibration isolation effect is superior to the others. It is
important to note that the output acceleration curve in Fig. 3(b) is not
a perfectly sinusoidal waveform. This is because the sleeve and the
magnet have lateral perturbation and friction damping, and the experi-
mental disturbance affects uniform counterweights.

In the design of the electromagnetic harvester, the air gap
between the coil and the magnet plays a critical role in determining the
magnetic flux linkage, and thus affecting the output performance.
Although the current study does not focus on air gap optimization,
prior work™ has shown that reducing the air gap enhances the mag-
netic flux density intersecting the coil, thereby increasing the induced
voltage. Based on this understanding, the coil’s inner diameter was
minimized as much as practical to reduce the air gap while ensuring
mechanical stability. Further optimization and sensitivity analysis of
the air gap will be considered in future work.

Due to the QZS characteristics of the harvester, the vibration of
the magnet connected to the guide bar differs from that of the coil,
allowing the coil to cut the magnetic field and generate electrical
energy. This offers the possibility of achieving simultaneously vibration
isolation and energy harvesting. Therefore, studies are conducted to
explore the energy harvesting characteristics of the harvester. The
impedance matching on the harvester is first performed. With an exci-
tation frequency of 15Hz and an excitation acceleration of 1.4g, the
external resistance is varied, and the corresponding voltage is recorded
and processed to determine the power output. The resistance (7 Q)
that maximized the output power is identified as the optimal resistance
and selected for subsequent tests. Given that the minimum step incre-
ment of the resistor box used in the experiment is 1 €, this result
closely aligns with the internal resistance of the coil (6.8 Q).

Figure 4 illustrates the curves of output voltage and power vs the
excitation frequency. Both the output voltage and power increase with
the increase in the excitation frequency. This trend is consistent with
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FIG. 3. The vibration isolation performance of the harvester: (a) displacement transmission at 37, 39, and 41 mm, and (b) input and output accelerations at 9, 12, and 16 Hz.

the vibration isolation performance: when the vibration isolation
improves, the energy harvesting efficiency of the harvester also
increases. This is partly because, as the excitation frequency increases,
the excitation acceleration also rises, accelerating the coil’s motion rela-
tive to the magnetic field and thus increasing the output voltage.
Additionally, since the coil moves in synchronization with the base
vibration, better vibration isolation results in smaller vibrations of the
upper magnet relative to the base, increasing the relative speed between
the coil and magnet and thus improving the output voltage.

Figure 4(b) shows that different initial magnet distances also
affect the energy harvesting performance of the harvester. At an excita-
tion frequency of 20 Hz, the output power of the harvester with d = 39
and d =41 mm is 2.824 and 3.322 mW, respectively, which increased
31.7% and 54.9% compared to the 2.144 mW at 37 mm, respectively.
In addition, the subfigures illustrate the time-range curves of the swept
output voltage for the three operating conditions. The parameters for
this sweep experiment are consistent with the dual-target control set-
tings for excitation acceleration and excitation displacement.
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FIG. 5. The energy harvesting performance at 37, 39, and 41 mm: (a) time history, (b) FFT analyses, and (c) phase diagram.
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Figure 5(a) illustrates the time-domain output voltage under the
excitation frequencies of 9, 12, and 16 Hz. Increasing the excitation fre-
quency, the vibration amplitude correspondingly increases. The volt-
age-time curves are further analyzed using the Fast Fourier Transform
(FFT), as shown in Fig. 5(b). It can be observed that the vibration fre-
quency closely matches the input excitation frequency. This is because
the output acceleration, after vibration isolation, is significantly smaller
than the input acceleration. Figure 5(c) presents the phase diagram at
different excitation frequencies. The phase diagram reveals that the
prototype operates in a limiting cyclic oscillation (LCO). This indicates
that the harvester does not settle to a stop over time but instead stabil-
izes into a steady cyclic oscillation.

This Letter presented a multifunctional device incorporating a
quasi-zero stiffness mechanism and examined its capability for vibration
isolation and energy harvesting through static and dynamic tests. The
experimental results showed that the proposed harvester achieved good
vibration isolation performance at frequencies of 5 Hz and above when
the magnet distance is set to 37, 39, or 41 mm. Additionally, the magnet
distance significantly affected the energy harvesting performance of the
harvester. Compared to the 2.144 mW output power of the configura-
tion at a magnetic distance of 37 mm, the output power increased by
54.9% and 31.7% for the configurations with magnet distances of 41
and 39 mm, respectively. The findings suggest potential applications in
precision machinery, structural vibration control, and self-powered
sensing systems, where minimizing external disturbances while effi-
ciently capturing energy is essential. Future work may focus on further
optimizing the system’s structural parameters and expanding its appli-
cability to a broader range of vibration environments.
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