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Poly-stable energy harvesting based on synergetic
multistable vibration
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Distributed energy sources, for example the ambient broadband vibrations, are of great

importance for the development of the Internet of Things. However, for multistable vibra-

tional energy harvesters, increasing the number of stable equilibrium states to broaden

working frequency bands is very difficult. Here we present a poly-stable vibrational energy

harvesting approach capable of achieving an exponentially growing maximum number of

stable equilibrium states. Unlike the traditional multistable harvesters relying on an external

static magnetic field, the nonlinear dynamical behaviours achieved by the proposed approach

are synergetic poly-stable motions without the need of external magnets. Comparison

experiments in contrast with a linear harvester demonstrate the working bandwidth widened

by a factor of 41.0, the power density increased to 760% and the electricity generation raised

to 178%. This demonstration of new multistable energy harvester expands the approach to

achieving multistable motion and provides a new design philosophy for nonlinear vibrational

energy harvesters.
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V ibrational motion, as one of the most widespread renew-
able energy sources, exists in a variety of forms in natural
environments, examples being ocean waves1–6, vibrations

of machinery7–9, and motions of the human body10–15. To con-
vert this vibrational energy into electricity for utilization in self-
powered sensor networks16 and other low-power electronic
devices, a variety of energy harvesters have been proposed17–22.
Most existing vibrational energy harvesters are based on a reso-
nance principle and work mainly near structural resonant
frequencies23,24. Ambient vibrational excitations are random and
of low frequency and low intensity25,26. To harvest vibrational
energy over a wide-frequency range27, nonlinear energy har-
vesters have been proposed to broaden the working frequency
bands.

Nonlinear energy harvesters28,29, typically relying on multi-
stable motions of a beam or plate30,31, are capable of achieving
wide-working bandwidths26,32–34. The principle of using multi-
stable motions to broaden working bandwidths is that dynamic
behavior, reflected directly in the amplitudes of vibration, is
improved at nonresonant frequencies. Early nonlinear energy
harvesters relied on a magnetically coupled cantilever beam or a
buckled beam23,35,36 to achieve bistable motions. A bistable pie-
zoelectric energy harvester, employing the magnetic attractions
between the tip magnet of a cantilever beam and two external
magnets to realize bistable motion, generates greater output
power than the corresponding linear device over a wide-
frequency range23. Subsequently, magnetic-repulsion-type bis-
table energy harvesters have been developed, using a single
external magnet to provide magnetic repulsion37–39. The poten-
tial energy of a bistable system has two potential wells, one on
each side of a potential barrier40. Achieving bistable motion
(inter-well motion) requires that sufficient energy be provided by
external excitations to overcome the potential barrier37.

Taking bistable energy harvesters as a basis, by adjusting the
spacing between the magnets40, changing the magnet inclination
angles41, or increasing the number of external magnets42, mul-
tistable energy harvesters, such as tri-stable34,42 and even quad-
stable43,44 harvesters, have been proposed. Theoretical and
experimental studies of multistable energy harvesters show that
increasing the number of stable equilibrium states contributes to
broadening the working frequency bands while harvesting energy
from low-intensity vibrational sources45,46. A quad-stable energy
harvester utilizing magnetic repulsion by three external magnets,
with lower potential barriers than those of the corresponding
bistable device, exhibits a wider working bandwidth because of
the lower excitation energy required to escape from the potential
wells43. Despite all of these efforts, with existing multistable
energy harvesters in which external magnets are used to provide
magnetic forces, it is very difficult to achieve five or more stable
equilibrium states because of limitations imposed by their
mechanism of motion44. To further improve the dynamic
responses of multistable harvesters and enhance their generation
efficiency under broadband vibrational excitation, it is necessary
to increase the number of stable equilibrium states.

This paper finds an interesting phenomenon named synergetic
poly-stable nonlinear motion, in which the maximum number of
stable equilibrium states has an exponential dependence on the
number of interacting masses. To research the potential energy of
a synergetic poly-stable beam array, the magnetic interactions
among different beams are analyzed by using the magnetic dipole
model. The stable equilibrium states are calculated and enumer-
ated to demonstrate the poly-stability of the beam arrays. Using
the synergetic poly-stable beam arrays, a kind of composable
vibrational energy harvesting brick is developed to collect
broadband multidirectional vibrational energy. Electricity gen-
eration experiments comparing the poly-stable beam array with a

linear beam array verify the condition of realizing poly-stable
motion and its broadband characteristics.

Results
Mechanism. The proposed poly-stable energy harvesting method
is implemented via a synergetic poly-stable beam array (SPBA).
An SPBA comprises several cantilever beams placed side by side,
with mutually repelling magnets at their tips. In order to research
the poly-stable energy harvesting mechanism and realizing con-
ditions of the synergetic poly-stable motion, the potential energy
of the SPBA is analyzed to reveal the relationship between dis-
placements of the beams and stable equilibrium states of the
SPBA. The magnetic interactions between different beams are
analyzed by using the magnetic dipole model. As shown in
Fig. 1a, in a SPBA composed of n cantilever beams, magnetic
dipole i and j represent the equivalent points of the two tip
magnets of cantilever beam i and j, respectively (i, j∈ {1, 2,…, n},
i ≠ j). In the SPBA, the horizontal spacing between any two
adjacent beams is x, therefore the horizontal spacing between
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Fig. 1 Magnetic interactions and potential energy. a Magnetic interactions
between different beams. b Potential energy of a double-beam SPBA
(synergetic poly-stable beam array). c Potential energy of a triple-beam
SPBA
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beam i and beam j is |j−i|x. The displacements of the beam i and
beam j are denoted by zi and zj, respectively.

With the magnetic moments of magnetic dipole i and j denoted
by mi and mj respectively, the magnetic flux density produced by
magnetic dipole i at magnetic dipole j can be expressed as

Bij ¼ � μ0
4π

∇
mi � r
rj j3 ; ð1Þ

where μ0= 4π × 10−7 H·m−1 is the permeability of vacuum, ∇ ¼
∂
∂x
iþ ∂

∂z
k is vector differential operator. i and k are the unit vector

of horizontal direction and vertical direction, respectively. r is the
direction vector from magnetic dipole i to magnetic dipole j.
Ignoring the rotation angles of the beams at the free ends, the
magnetic potential energy between the two beams47 can be
expressed as

Uij ¼ �Bij �mj ¼
μ0 mij j mj

�
�
�

�
�
� ðj� iÞ2x2 � 2 zj � zi

� �2
� �

4π ðj� iÞ2x2 þ zj � zi
� �2

� �5
2

: ð2Þ

The elastic potential energy of cantilever beam i is

Ui ¼
1
2
kiz

2
i ; ð3Þ

where ki is the stiffness of cantilever beam i. Then the total
magnetic potential energy Um(z1, z2, …, zn) and the total elastic
potential energy Ue(z1, z2, …, zn) can be expressed as

Um z1; z2; � � � ; znð Þ ¼ 1
2

Pn

i;j¼1ði≠jÞ
Uij

¼ Pn

i;j¼1ði≠jÞ

μ0 mij j mjj j ðj�iÞ2x2�2 zj�zið Þ2
� �

8π ðj�iÞ2x2þ zj�zið Þ2
� �5

2
;

ð4Þ

Ue z1; z2; � � � ; znð Þ ¼
Xn

i¼1

Ui ¼
1
2

Xn

i¼1

kiz
2
i : ð5Þ

The total potential energy

U z1; z2; � � � ; znð Þ ¼ Um z1; z2; � � � ; znð Þ þ Ue z1; z2; � � � ; znð Þ: ð6Þ

To illustrate the poly-stability of the SPBA, the total potential
energies of a double-beam SPBA and a triple-beam SPBA are
presented in Fig. 1b, c, respectively. Since the ternary function
cannot be expressed in the coordinate system, Fig. 1c presents the
potential energy distribution within the spatial plane 5z1+ 8z2+
5z3= 0, which can also reflect the poly-stability of a triple-beam
SPBA.

According to the principle of minimum potential energy, a
system is in a stable equilibrium state when its potential energy
reaches to a local minimum value. The stable equilibrium
conditions can be described as

∂U z1;z2;���;znð Þ
∂z1

¼ ∂U z1;z2;���;znð Þ
∂z2

¼ � � �
¼ ∂U z1;z2;���;znð Þ

∂zn
¼ 0

∂2U z1;z2;���;znð Þ
∂z2i

>0; i ¼ 1; 2; � � � ; n:

8

>>><

>>>:

ð7Þ

Obviously, the potential energy U(z1, z2) in Fig. 1b has two local
minimum values corresponding to the two stable equilibrium
states, (z1, z2)= (7.1, −7.1) or (−7.1, 7.1) mm, which proves that
an SPBA comprising of two cantilever beams is a bistable system.
For a triple-beam SPBA, the potential energy U(z1, z2, z3) in

Fig. 1c exhibits four local minimum values, which corresponds to
a quad-stable system ((z1, z2, z3)= (11.2, 0, −11.2), (−11.2, 0,
11.2), (5.3, −10.5, 5.3), or (−5.3, 10.5, −5.3) mm). On the basis of
the stable equilibrium conditions, all the stable equilibrium states
of an SPBA are enumerated in Fig. 2a, where the cantilever beams
are simply represented by spring-mass models. Figure 2b presents
the photographs of sixteen stable equilibrium states of an SPBA
consisting of five beams.

As shown in Fig. 2a, the more cantilever beams there are, the
more stable equilibrium states the SPBA has. The five-beam
SPBA in Fig. 2b has a maximum of sixteen stable equilibrium
states, examples being V shape (Photograph 6), M shape
(Photograph 11), and W shape (Photograph 12). It can be
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Fig. 2 Enumeration of the stable equilibrium states. a SPBAs (synergetic
poly-stable beam arrays) with different number of beams. b The
photographs of sixteen stable equilibrium states of a quintuple-beam SPBA.
Scale bar is 20mm. c A traditional multistable harvester
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further concluded that an SPBA composed of n cantilever beams
has a maximum of 2n−1 stable equilibrium states, although the
actual number is limited by the stiffnesses ki of the beams and the
horizontal spacing x between them. The maximum number of
stable equilibrium states of the SPBA increases exponentially with
the number of beams, which is beneficial for broadening the
working frequency bands.

Compared with a traditional multistable harvester, as shown in
Fig. 2c, both the mechanisms and the stable equilibrium states of
the proposed SPBA are different. In terms of mechanisms, the
traditional independent multistable harvester relies on an external
static magnetic field provided by the external fixed magnet,
while the beams of the SPBA interact with each other through
the dynamic magnetic fields that they themselves generate. The
differentia of mechanisms can be further illustrated by comparing
their potential energy functions. The magnetic potential energy of
the traditional multistable harvester is presented in expression 8,

UTradðzÞ ¼
μ0 mTj j mEj j d2 � 2z2ð Þ

4π d2 þ z2ð Þ52 ð8Þ

Um z1; z2; � � � ; znð Þ
¼ Pn

i;j¼1ði≠jÞ

μ0 mij j mjj j ðj�iÞ2x2�2 zj�zið Þ2
� �

8π ðj�iÞ2x2þ zj�zið Þ2
� �5

2

ð9Þ

which is a univariate function depending totally on the absolute
displacement z of the beam when the structural parameters (the
horizontal spacing d between the tip magnet and the external
fixed magnet, the magnetic moment mT of the tip magnet, and
the magnetic moment mE of the external fixed magnet) are
constant. The magnetic potential energy Um(z1, z2, …, zn), as a
multivariate function, intuitively demonstrates that the magnetic
potential energy of the SPBA depends on the relative displace-
ments zj−zi between different beams instead of absolute
displacements. Corresponding to the local minimum values of

potential energy, the stable equilibrium states of a traditional
multistable harvester manifest as achieving stable equilibria at
several different displacements, as shown in Fig. 2c, while the
stable equilibrium states of the SPBA mainly reflect in the
multiple stable relative location relations of different beams, as
enumerated in Fig. 2b.

The different mechanisms lead to the different forms of stable
equilibrium states, which further lead to a different multistable
motion. The traditional multistable motion manifests as a
reciprocating motion spanning multiple stable equilibrium
positions of a single beam, while the synergetic poly-stable
motion of the SPBA is reflected in the change of relative positions
of different beams—from one stable spatial location-relation to
another. In addition, the potential energy expression of the SPBA
also reveals the condition of realizing the synergetic poly-
stable motion: the relative displacements zj−zi between different
beams have to be variable. If all the relative displacements are
constant, the magnetic potential energy Um(z1, z2, …, zn) will
become a constant value. Accordingly, the total potential energy
U(z1, z2, …, zn) becomes a univariate quadratic function, which
corresponds to a monostable system. Therefore, the beams in the
SPBA should have different natural frequencies so as to have
different responses under the same external excitations.

Applications. On the basis of the SPBA, a vibrational energy
harvesting brick is desigened, which is not only composable but
also able to achieve multidirectional vibrational energy harvesting
over a wide-frequency range. The energy harvesting brick makes
use of six SPBAs, as shown in Fig. 3a. An SPBA is installed in
each face of a cubic frame to collect multidirectional vibrational
energy. The beams in each SPBA have different thicknesses as
well as different natural frequencies. As a composable structural
unit, the cubic brick is like a cell that can be integrated into other
engineering structures, such as non-load-bearing architectural
constructions, without taking up otherwise useful space. There-
fore, the energy harvesting bricks can be used in engineering field

Tip magnets
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Cubic 
frame

SPBA

a

b c d

Fig. 3 The proposed energy harvesting brick and some of its applications: a the energy-harvesting brick incorporating SPBAs (synergetic poly-stable beam
arrays) and PVDF (polyvinylidene fluoride) piezoelectric films; b energy-harvesting bricks used to make a non-load-bearing wall in a ship; c energy-
harvesting bricks installed in an ocean buoy; d energy-harvesting bricks installed under a bridge
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on a large scale to achieve high-power generation without the
need of considering limitations of space and volume.

As shown in Fig. 3b, by constructing a non-load-bearing wall
with the proposed energy harvesting bricks, without changing the
structure of the hull, the vibrational energy of a ship can be
collected in real time and supplied to electrical systems, thereby
reducing consumption of fossil energy. Figure 3c shows how the
floating body of an ocean buoy can be filled with energy-
harvesting bricks, from which the buoy can supplement its
normal energy supply at night, in particular in polar seas, where
solar energy is scarce. Energy-harvesting bricks can also be
combined with other architectural constructions, such as the
bridge shown in Fig. 3d. Under the dynamic loads produced by
moving vehicles, vibration of the bridge is unavoidable, and the
vibrational energy can be harvested and converted by the bricks
to supply electrical power for a network of sensors monitoring the
structural health of the bridge.

Experimental setup. In order to verify the theoretical conclusions
and study the broadband characteristics as well as the improve-
ments in generation efficiency brought about by the synergetic

poly-stable motion of the proposed SPBA, the following
electricity-generation experiments are set up, where a linear beam
array (LBA) consisting of five beams with different natural fre-
quencies is used as a comparison. As shown in Fig. 4, the LBA is
fixed at the top of the cubic frame and the SPBA is fixed at the
bottom. All the tip mass blocks of the five beams in the LBA are
nonmagnetic and have the same mass as that of the SPBA.
The vibration table provides swept excitations for the energy
harvester from 3 to 23 Hz to simulate the ambient low-frequency
excitation with low intensity. The sweep rate is 0.2 Hz per second,
and the excitation amplitude A= 2 mm. Two digital multimeters
are used to record the output voltages, and a resistance box is
used as the external load. The experimental setup is shown in
Fig. 4.

SPBA composed of single-frequency beams. The theoretical
analyses demonstrate that the SPBA will become a monostable
system if all the relative displacements between different beams
are constant. To verify this conclusion, an SPBA composed of five
single-frequency beams is compared with a corresponding linear
beam in the LBA. All the six beams in this experiment have the
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Fig. 4 Experimental setup. a Photograph. b Schematic diagram (LBA and SPBA represent linear beam array and synergetic poly-stable beam array,
respectively)
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same thicknesses (0.3 mm) as well as natural frequencies. The
open-circuit voltages of the six beams are plotted in Fig. 5 to
research their responses under the same swept excitations.

As shown in Fig. 5, during the entire sweep process, the open-
circuit voltages of the five nonlinear beams in the SPBA are all
similar to that of the corresponding linear beam in the LBA.
When the excitation frequency reaches about 5.5 Hz, the
nonlinear beams and the corresponding linear beam resonate
simultaneously so that their output voltages reach peek values at
the same time. After the resonances, the output voltages of both
the nonlinear beams and the linear beam start to decline rapidly,
which do not exceed 0.1 V from 9 to 23 Hz.

Due to the same thicknesses as well as natural frequencies, all
the beams in the SPBA have the same responses under the same
excitations (see Supplementary Movie 1). Although the five
beams repel each other via their tip magnets, the same responses

lead to the constant relative displacements, which further result in
a stable relative location-relation of the five beams with an M
shape (Photograph 11 in Fig. 2b). The five nonlinear beams in the
SPBA keep synchronous motions with almost the same
amplitudes and phases during the entire sweep process. In such
situation, the output of each beam in the SPBA certainly cannot
exhibit noticeable improvement. These experimental phenomena
prove that the SPBA, with the constant relative displacements,
becomes a monostable system that cannot achieve synergetic
poly-stable motion, which is in agreement with the result of
theoretical analyses.

SPBA composed of multi-frequency beams. To achieve syner-
getic poly-stable motion, the SPBA composed of five beams with
different thicknesses as well as natural frequencies is used in the
following experiment so as to ensure the relative location-
relations of the beams be variable. The thicknesses of the five
beams in the SPBA are corresponding to that of the LBA.

Under the same swept excitations, the open-circuit voltage of
each beam is recorded and depicted in Fig. 6 to allow study of the
broadening of the working band. Taking the forward voltage drop
(0.5 V) of the common rectifier bridges as the minimum effective
output voltage of the energy harvester, the effective working
bands of the SPBA and LBA are indicated in yellow. As shown in
Fig. 6a, all the working bands of the five beams in the LBA are
around the resonant frequencies, because the open-circuit voltage
under nonresonant frequencies barely exceeds 0.5 V. In contrast,
as shown in Fig. 6b, the working bands of the five beams in the
SPBA are significantly broadened and are no longer confined
around the resonant frequencies of the beams. For example, in
the LBA, the working band of the 0.3-mm-thick beam, from 5.34
to 5.62 Hz, is near the resonant frequency (5.50 Hz) of the beam,
while in the SPBA, the working bands of the corresponding beam
of the same thickness are from 6.41 to 7.33 Hz as well as from
12.43 to 23.00 Hz, which together are 41.0 times as wide as that of
the LBA. The working bandwidths of the other four beams in the
SPBA, from 0.4- to 0.7-mm thick, are increased to 1185, 152, 148,
and 208%, respectively. This broadening of the working frequency
bands of each beam in the SPBA shows the advantage of the
synergetic poly-stable motion in broadband vibrational energy
harvesting.

Benefiting greatly from the synergetic poly-stable motion, the
five beams in the SPBA are able to drive each other in the process
of vibration. During the entire sweep process, all five cantilever
beams in the SPBA are clearly vibrating all the time, while in the
LBA, only one beam near the resonant frequency exhibits obvious
vibration (see Supplementary Movie 2). The relative location-
relations of the five beams keep switching between multiple stable
equilibrium states, such as the M shape, W shape, V shape, etc., as
has been enumerated in Fig. 2b, even at nonresonant frequencies.
These experimental phenomena reveal the reason for the increase
in voltage at nonresonant frequencies. By virtue of the synergetic
poly-stable motion, the SPBA exhibits broadband characteristic.

The broadening of the working band is reflected not only in the
output voltage of the energy harvester, but also in its power
density. To verify the effect of the synergetic poly-stable motion
of the SPBA on power density, the SPBA and the LBA are
compared under the same swept excitation as before. A resistance
box is used as the external load, the power of which is calculated
as P=U2/R, where the voltage U is that recorded by the digital
multimeter. According to the principle of impedance matching,
10MΩ is taken as the load resistance. The power densities
(output power per unit volume) of the SPBA and the LBA are
presented in Fig. 7a. The frequency bands shaded in pink are
those in which the power density of the SPBA is higher than that
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of the LBA, while the cyan-shaded bands are those where the
power density of the SPBA is lower than that of the LBA.

As can be seen from Fig. 7a, the power density of the SPBA
is generally higher than that of the LBA except in the
resonant frequency bands of the five beams, where their power
densities are similar. For an energy harvester, the broadening
of the working bandwidth is mainly reflected in an increase
in output voltage or power at nonresonant frequencies. For
instance, between the five resonant frequencies of the beams,
under excitation at 7, 10, 13, and 16 Hz, the maximum
instantaneous power densities of the SPBA are 1.49 × 10−1,
1.46 × 10−1, 7.85 × 10−1, and 1.09 mW·m−3, respectively. Thus,
in comparison with the LBA, with corresponding values of 1.96 ×
10−2, 4.04 × 10−2, 2.06 × 10−1, and 3.58 × 10−1 mW·m−3, the
maximum instantaneous power densities of the SPBA are
increased to 760, 361, 381, and 304%, respectively. These results
clearly illustrate that the synergetic poly-stable motion of the
SPBA significantly increases the power densities as a result of the
interactions between the cantilever beams, especially at non-
resonant frequencies. The corresponding average power densities
at different frequencies are listed in Table 1, providing a clearer
numerical comparison of the SPBA and the LBA.

The average power densities show a similar trend with
changing excitation frequency, as shown in Table 1. The average
power densities of the SPBA at nonresonant frequencies are also
much larger than those of the LBA. Under excitation frequencies
of 7, 10, 13, and 17 Hz, the average power densities of the SPBA
are, respectively, 595, 376, 195, and 142% of that of the LBA. It is

worth recalling that the transducers used here are polyvinylidene
fluoride (PVDF) piezoelectric films. When these transducers are
replaced by triboelectric material, the output power of the SPBA
is further increased such that it becomes capable of lighting up
five series-connected LEDs (see Supplementary Movie 3). The five
LEDs keep glowing and flashing within a wide-frequency range,
even at nonresonant frequencies, which demonstrates that this
system meets the power requirements of practical applications.
Moreover, the increased power under nonresonant excitation and
the wider working bandwidth have the potential to enhance the
generation efficiency.

To verify the enhancement of the generation efficiency, the
charging rates of the capacitors are compared experimentally
as follows. The sweep condition remains unchanged, while the
output of each beam in the SPBA is rectified and then connected
in parallel to both ends of a capacitor. During charging, the
voltage U of the capacitor is recorded by a digital multimeter. For
comparison, the electrical energy output of the LBA is stored in
an identical capacitor under the same conditions. The electric
field energies (W= CU2/2) stored in the capacitors are plotted in
Fig. 7b.

During the entire sweep process, the energy stored in the
capacitor connected with the SPBA is almost always higher than
that of the LBA. The greater slope of the charging curve of the
SPBA indicates a faster charging rate as well as a higher output
power. After 100 s of swept excitation, the energy harvested by
the SPBA is 0.48 μJ, whereas that of the LBA is only 0.27 μJ.
By virtue of the synergetic poly-stable motion of the SPBA, the
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electricity generation is raised to 178%. The proposed SPBA,
without increasing the number of beams, not only broadens the
working bandwidth, but also improves the generation efficiency
significantly.

Discussion
The proposed poly-stable vibrational energy harvesting method
represents a novel approach to increasing the number of stable
equilibrium states. The motion of the beam array used in this
approach exhibits a novel physical phenomenon, namely, syner-
getic poly-stable motion. The mechanism of this motion is dif-
ferent from that in traditional multistable energy harvesters,
which rely on an external static magnetic field to achieve stable
equilibria at several fixed positions. The beams of the SPBA
interact with each other through the dynamic magnetic fields that
they themselves generate, and the stable equilibrium states cor-
respond to different relative positions of the beams, such as the
M, W, and V shapes in Fig. 2b. The maximum number of stable
equilibrium states increases exponentially with the number of
beams in the SPBA, in contrast to traditional multistable har-
vesters, where it is difficult for the number of such states to
exceed four.

In contrast to traditional multistable harvesters, in the pro-
posed approach, in order to increase the number of stable equi-
librium states, it is not necessary to make adjustments to
structural parameters such as the spacing between the magnets,
the inclination angles of external magnets, or the number of
external magnets, and, indeed, external magnets are not even
necessary. The SPBA, relying only on the interactions between
different beams to achieve synergetic poly-stable motion, exhibits
novel nonlinear dynamical characteristics. On the basis of this
design philosophy, it should be possible to develop a variety of
poly-stable energy harvesters to collect energy from ambient
broadband low-intensity vibrational sources. Moreover, the pro-
posed poly-stable vibrational energy harvesting method is not
only suitable for piezoelectric energy conversion, but also
applicable to electromagnetic power generation. In combination
with the use of triboelectric material, it can act as a nonlinear
poly-stable triboelectric nanogenerator (NP-TENG) with high-
power generation efficiency.

Comparison of experimental results for single-frequency and
multi-frequency SPBAs confirms the existence of a necessary
structural condition for achieving synergetic poly-stable motion,
namely, that the beams in the SPBA should have different natural
frequencies. It should be noted, however, that this condition does
not limit the applications of the proposed method. Conversely,
dynamic coupling of multi-frequency beams is beneficial in
widening the working frequency bands and improving the energy
harvesting efficiency. There are a number of aspects of the pro-
posed poly-stable energy harvesting method that deserve inves-
tigation in future work. For example, changes in structural
parameters, such as the spacing between any two adjacent beams,
the number of beams, and the sequences of beams with different
natural frequencies in the array, are likely to affect the poly-
stability of the SPBA.

By virtue of the synergetic poly-stable motion, the energy-
harvesting performance is significantly improved in terms of
open-circuit voltage, power density, working bandwidth, and
generation efficiency. If an SPBA is installed into each face of an
energy-harvesting brick, such a brick will be capable of harvesting
multidirectional broadband vibrational energy. Without the need
for external magnets, the structure of an energy harvester can
become more compact, and it is then more convenient to enhance
power generation by increasing the number of cantilever beams.
Different structural designs will enable SPBAs to be applied to a
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Fig. 7 Output power densities and harvested energy of the SPBA
(synergetic poly-stable beam array) and the LBA (linear beam array).
a Output power densities. b Electric field energies stored in the capacitors

Table 1 Average power densities (mW·m−3) of the SPBA
(synergetic poly-stable beam array) and the LBA (linear
beam array) at different frequencies

Frequency f (Hz) SPBA Pd1 LBA Pd2 Ratio Pd1/Pd2
3 1.48 × 10−3 7.07 × 10−3 21%
4 1.16 × 10−4 3.30 × 10−4 35%
5 6.44 × 10−4 7.08 × 10−3 9%
6 4.91 × 10−3 4.15 × 10−3 118%
7 4.92 × 10−2 8.28 × 10−3 595%
8 2.12 × 10−1 3.34 × 10−1 63%
9 8.23 × 10−2 3.06 × 10−2 269%
10 9.33 × 10−2 2.48 × 10−2 376%
11 1.69 × 10−1 6.87 × 10−2 246%
12 1.48 × 10+0 1.05 × 10+0 141%
13 2.12 × 10−1 1.09 × 10−1 195%
14 5.69 × 10−1 3.08 × 10−1 185%
15 2.04 × 10+0 1.99 × 10+0 103%
16 2.73 × 10−1 2.11 × 10−1 129%
17 4.54 × 10−1 3.20 × 10−1 142%
18 2.43 × 10+0 2.60 × 10+0 93%
19 5.98 × 10−1 6.97 × 10−1 86%
20 3.45 × 10−1 3.47 × 10−1 99%
21 2.83 × 10−1 2.72 × 10−1 104%
22 2.74 × 10−1 2.35 × 10−1 116%
23 2.12 × 10−1 2.19 × 10−1 97%
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variety of energy harvesters to collect multidirectional broadband
vibrational energy in a range of natural environments.

In conclusion, in this paper we propose a different approach to
achieve multistable vibrational energy harvesting based on
synergetic poly-stable nonlinear motions. Potential energy ana-
lyses reveal that the mechanism of these nonlinear motions is
based on interactions among dynamic magnetic masses rather
than the static external magnetic fields of traditional multistable
harvesters. The maximum number of stable equilibrium states
theoretically increases exponentially with the number of magnetic
masses. Experiments comparing electricity generation by a poly-
stable harvester and a corresponding linear harvester show that
synergetic poly-stable motion is achieved when the beams in the
SPBA have different natural frequencies. This synergetic poly-
stable motion significantly improves electricity generation per-
formance, especially at nonresonant frequencies. Notably, the
working band is broadened by a factor of 41.0 and the power
density is increased to 760%. With the proposed SPBA, the
electricity generation is increased to 178%. Based on the proposed
approach, a composable energy-harvesting brick is designed,
which can be used as a structural unit in engineering structures,
such as non-load-bearing walls, without taking up otherwise
useful space. Poly-stable energy harvesting thus provides a pro-
mising approach to achieving multistable motion and opens up
many new possibilities for environmental energy harvesters.

Methods
Arrangement of the experimental device. All the cantilever beams are made of
65Mn spring steel with the dimension of 105.0 × 10.0 mm2. The cantilever beams
in the arrays are arranged in order of thickness from thin to thick. The magneti-
zation of the tip magnets is 1275 kA·m−1. All the tip magnets and tip mass blocks
have the same mass 10.0 g. All the beams are coated with PVDF (polyvinylidene
fluoride) piezoelectric films at their fixed ends. The area of each PVDF film is
15.0 × 10.0 mm2.

Measurements of the experimental data. All the voltage data are recorded by
two digital multimeters (ZLG DMM6000 and ZLG DMM6001). In the power
experiments, 10 MΩ is taken as the load resistance, and the output power is cal-
culated using the formula P=U2/R. The capacitors used in the experiment have
the same capacitance, 470 μF, and the electric field energies stored in the capacitors
are calculated using the formula W= CU2/2. In this paper, all the experimental
data are outputs of the PVDF piezoelectric films, while in Supplementary Movie 3,
in order to enhance the output voltages and powers to light up five LEDs, trans-
ducers on the fixed ends of the cantilever beams are replaced by triboelectric
material. The output of each beam is rectified and then connected in parallel to the
five series-connected LEDs.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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