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Abstract

By modeling a piezoelectric cantilever beam system in which mechanical bistability emerges from
repulsion between a stationary magnet and magnetic tip mass, the size of the basin of attraction for
interwell oscillations is increased, so that the higher-energy solutions to the system may be more readily
acquired than in previously studied systems. The primary drawback of linear energy harvesters is their
very narrow frequency range. Non-linear harvesters provide wider operating frequency regions, but can
have coexisting solutions, with the desirable high energy solution usually the more difficult to obtain.
Existing work on bistable piezoelectric harvesting systems consider dipole interactions between the
magnetic tip mass and an external magnet that is also oscillating at the experimental frequency. This
paper demonstrates increased energy generation in transitions between the potential wells of the system
through replacing the oscillating independent magnet with a stationary one. Optimizing the system to
produce frequent well escapes induced by minimal disturbances from dipole interactions, frequency
alterations, or changes in excitation amplitude will aide in achieving the high amplitude solutions of
the system. Analytical evaluations of the energy in this system along with simulations of the behavior
of the cantilever beam are performed for proof of concept that may be utilized in producing these high
amplitude solutions in future experiments.

Introduction

Recent decades have seen an increase in small electrical devices deployed for monitoring and other
similar uses. When in cities or accessible areas, even if permanent connection to the electrical grid
isn’t possible, battery power is a feasible alternative. However in remote locations, periodic battery
replacement would be overly burdensome and so renewable resources are required. Vibration energy
harvesting can be one such method for renewable energy in suitable environments. Common examples
of mechanisms utilized for this intent includes variable capacitance, electromagnetic induction, and
piezoelectricity [1].
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In the study of piezoelectric energy harvesters, the cantilever beam is a common model used [2, 3],
and a tuned linear beam can provide higher power output than alternatives, but comes with drawbacks,
most significantly, a very narrow frequency range. If the harvester is not perfectly tuned, or if envi-
ronmental frequency varies, the linear harvester will struggle. Arrays of multiple linear harvesters have
been designed to allow a wider operating frequency band without losing maximum power output, but
these come with significantly higher cost [4,5]. Nonlinear harvester designs have been proposed to over-
come these hurdles. Both softening and hardening style nonlinear beam models have shown to provide
a much wider usable frequency range than a single linear oscillator, but with lower maximum power
output. The use of coupled beams [6] or dynamic magnifiers [7] have shown improved peak power per-
formance, but another drawback of softening and hardening oscillators is that they have multiple stable
equilibria and the high energy equilibrium is the most difficult to obtain experimentally.

Bistable non-linear energy harvesters are an attempt to obtain the wide frequency band benefit of
softening and hardening harvesters, but with an easier to obtain high energy solution. Two common
designs for bistable harvesters are a buckling beam [8, 9] with pinned attachments at each end but
separation distance between the endpoints slightly shorter than beam length, and the cantilever beam
with an external force preventing the tip from resting in the neutral center position [10, 11]. In one
previous study, the cantilever beam bistability was induced with a magnetic tip mass and an excited
external magnet that moved along with the beam’s fixed end [12]. This design is still heavily reliant
on tuning, in particular in controlling the distance between the tip mass and external magnet, which if
too close, will result in only low amplitude intrawell oscillations when external excitation amplitude is
low. In this study, we will consider an alternative model in which the external magnet is fixed or is has
passively controlled separation distance while still remaining on the absolute centerline. This has the
immediate benefit of making high energy interwell oscillation easier to obtain, which strengthens the
advantage of the bistable design over softening and hardening alternatives.

This system will be shown to also exhibit a third type of behavior that is not purely intrawell or
interwell oscillation, but instead a combination of both. Two common ways of inducing frequency
up-conversion are impact [13, 14] and snap-through. The terms twinkling [15, 16] and plucked [17,
18] have been used to describe snap-through induced frequency up-conversion, where low amplitude
excitation results in higher amplitude vibration in the system after forcing an oscillator to change from
one equilibrium to another. Beneficial frequency up-conversion has also been observed in previous
cantilever beam experiments with stochastic excitation [19]. From an energy harvesting perspective,
this increase in frequency provides a significant increase in relative velocity of the tip mass, which is
positively correlated with energy output.

The following sections will start by establishing the mathematical model for the proposed design.
We will then provide numerical simulations demonstrating behavior in several environmental conditions.
Lastly, a comparison between a stationary external magnet and two different passively controlled models
are provided to demonstrate their relative advantages against each other.

System Description

The primary structure analyzed in this paper is a fixed-free cantilever beam with magnetic tip mass
as seen in Fig. (1). If we assume that the magnetic force will have a much larger impact on the beam’s
displacement than the torque exerted on the magnetic tip mass due to their misaligned angles, then the
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Fig. 1: An illustration of the modeled harvester setup of a stationary magnet separated by distance €(f) from an
oscillating cantilever beam of length L with an attached repulsive magnetic tip mass displaced to a position of x
and deflected at an angle of 8. Tip mass and stationary magnets are identical in size and composition.

angle theta can be represented as a function of displacement as follows

0(x) = —7—, (1

where (x —w) is the difference between the fixed and free ends of the cantilever beam and L the length
of the beam.

The external magnet remains in an unrotating position, but able to move linearly left/right to decrease
or increase respectively the separation distance between itself and the tip mass magnet. The fixed end
of the beam is excited by single frequency excitation, with position represented by

w(f) = AsinQt, (2)

where A represents the excitation amplitude in meters and t the time in seconds.
Separation distance is then a function of the absolute value of excitation according to

€1(t) = €0 — BA(1), 3)

or

e(t) = € — Biw(r)), 4)

where a coeflicient of B = 0 would be the case of a stationary magnet at distance ) from the tip mass,
and B = 1 would have the external magnet passively move closer to the beam as excitation increases.
However, whereas Eq. 3 provides a stationary external magnet with position dependent on excitation
amplitude (and thus would be stationary if amplitude is constant), Eq. 4 would result in the external
magnet oscillating such that the magnet would move further away from the beam when excitation ap-
proaches the central zero position, then return closer as excitation gets further from the zero position. As
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Table 1: Physical parameters of the system that were held constant throughout the analysis unless otherwise noted.
System section refers to the placement of the beam with tip mass attached before simulation.

Beam
Parameter
Length 0.1m L
Height 0.002 m -
Width 0.006 m —
Moment of Inertia 40-1072 m* I
Young’s Modulus 3.0-10° Pa E
Magnet
Parameter
Mass 0.0128 kg m
Volume 1.6088 - 107¢ m? Vi,v2
Permeability of 4m-10"" m + kg Uo
Free Space
Magnetization 1.05-10° A/m M
System
Parameter
Initial Position 0.020165 m X;
Initial Gap 0.03m £y

future sections will demonstrate, each method can provide advantages and disadvantages depending on
whether high amplitude beam displacement is preferred, or if intrawell frequency up-conversion is pre-
ferred behavior. Either external magnet model provides a method of tuning to avoid the low frequency,
low amplitude oscillations possible when the tip mass is stuck in a single potential well, by allowing the
potential curve to change based on the excitation amplitude, in particular to allow potential well escape
to be more forgiving and easier to obtain when excitation amplitude is low.

Mathematical Model

The piezoelectric energy harvester under investigation has induced mechanical nonlinearity and in
many physical configurations, static bistability, by means of repelling dipoles on the tip mass and ex-
ternal magnets. Figure (2) shows the potential energy curve for varying tip mass positions for the case
where the beam’s fixed end is at the zero position (aligned with the external magnet), the asymmetric
nature of the curve when the beam’s fixed end is excited slightly to one side of the external magnet, and
also shows that when excitation amplitude is high, system constants can be setup that will force the tip
mass to cross the external magnet with only a single equilibrium existing when the beam’s fixed end is
shifted very far from the centerline. The potential energy in the system is calculated as a sum of the
beam’s strain potential energy and potential energy between the two dipoles. With the beam modeled as
a linear Euler-Bernoulli beam, the potential energy is represented by

3E] 2
U‘Y:ﬁ(x—w) , (5)

where E is Young’s Modulus, I the Area Moment of Inertia, L the length of the beam. Since x is the
absolute displacement of the tip mass and w the displacement of the beam’s fixed end, the quantity
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Fig. 2: U is the sum of U, and U, for the static fixed-free beam with (blue) fixed end w aligned at the neutral
center position in line with the external magnet (red) fixed end w slightly offset in 1 direction and (yellow) fixed
end w significantly offset from the center position shows only 1 stable static equilibrium when displacement is
large.

(x —w) is relative displacement of the beam’s free end with respect to it’s attachment. Collectively, the
terms 3E1/L? represent the spring constant & of the beam under a linear Euler-Bernoulli assumption.

Using the dipole magnetic model with magnetic potential energy calculated as the negative product
of magnetization of the tip mass magnet and the magnetic field of the stationary magnet, magnetic
potential energy was calculated as

Un= (6)

An r

UMV, V, ((362 —r?)(cos ) — 3exsin 9))
with g representing the permeability of free space, M the magnetization of each magnet (assumed that
the two magnets are identical), V; the volume of tip mass magnet, V, the volume of the external magnet,
r the separation distance, € the closest distance between tip mass and external magnet along the central
axis, x the displacement of the tip mass from the centerline and 6 the angle of the magnetic tip mass
with these dimensions as seen in Fig. (1).

Kinetic energy of the magnetic tip mass can be found using its velocity X according to

1 5
T =—-mx". 7
Sm (7)
This results in a Lagrangian
L=T-Us-Uy, (8)
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and the resulting equation of motion can be solved using
d 0L\ oL
== 9
dt (8x) Ox ©

where Q represents the general forces which in this case is the assumed damping forces due to friction
and any electrical harvesting components. The partial derivative of the magnetic potential is the more
complicated step and its result is

_—= e — — 1
=) o (362C1 =3eCr - C3) (10)
where
5 3
C :—(F—;C)COSH—(erS)siné’ (11)
3x 502 1) .
Cy = (ZLrS)COSH—(r—7+r—5)sm0. (12)
3 3
Cz = —(r—;c)cose—(erS)sinH (13)

The resulting equation of motion takes the form

mi—dx+kx+ f(x) =kwsinQt (14)

where k is the Euler-Bernoulli spring constant described above with Eq. 5, and f(x) represents the
nonlinear forces resulting from the magnetic interactions.

Simulated Results

Since the physical properties of the beam and magnets are difficult to adjust in a deployed setting, the
same set of physical dimensions was used all of the following simulations. Experimental tuning would
be conducted by altering €, and in frequency ranges with multiple stable periodic solutions, different
behaviors can be found by altering the initial conditions of the system x; and x;. Dimensions used for
these simulations are listed in Table 1.

Simulations provide the expected behavior of the system, and four different categories of stable pe-
riodic behavior have been observed. Figure 3a shows the typical low frequency, low amplitude behavior
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Fig. 3: The blue line represents beam’s fixed end position and the black line is the position, X, of the beam’s
free end. The four observed system response behaviors are (a) low amplitude, low frequency intrawell periodic
oscillations with excitation A = 0.01 m, w = 0.5 Hz, (b) frequency up-conversion with excitation A = 0.03 m,
w = 0.5 Hz, (c) high amplitude interwell periodic oscillations with excitation A = 0.01 m, w = 7.0 Hz, (d) near
stationary with excitation A = 0.01 m, w = 30.0 Hz. Units for t are seconds, and x and w are measured in meters.
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where the beam’s tip mass is stuck in intrawell oscillations at the excitation frequency. This is very low
energy output and undesireable behavior. Figure 3b demonstrates behavior at the same low frequency as
Fig. 3a but with larger amplitude. In this case, frequency up-conversion is observed when the tip mass
snaps through the center magnet resulting in a significant improvement in system kinetic energy, which
would result in improved energy harvested.

Near the beam’s natural frequency, Fig. 3¢ shows that stable interwell oscillations are possible. This
case will result in the largest possible harvested energy, though it may require specific initial condition
to achieve this case in practice, as opposed to the frequency up-conversion case which is very easy
to obtain for broad ranges of initial conditions and frequency and amplitude ranges. In this example,
interwell behavior was found by altering the initial position to x; = 0.0, which adds enough extra initial
energy to the system to find this higher energy solution instead of a lower energy solution present when
starting from static equilibrium.

Lastly, Fig. 3d shows a high frequency case in which the tip mass seems to hardly move at all. It
should be noted that though the tip mass doesn’t move, there is still relative motion between the fixed
and free ends, so energy can be produced in this case. However, because high frequency oscillations are
only physically achievable with very low amplitudes, the amount of energy generated in this case would
likely be very small. This high frequency case will not be a focus of analysis in this study since the
system construction does not provide any advantages over previously published models for this case,
so for environments with high frequency excitation significantly above the system’s natural frequency,
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Fig. 4: The blue line represents the beam’s fixed end excitation amplitude, A, which conducts a sweep up and
down, and the black line is position of the beam’s free end, x. Gap distance between free end and external magnets
are solved using (a) B=0 (stationary), (b) B = 1 using € according to Eq. 3 (c¢) B = 1 using € according to Eq. 4

other models should be used.

The vastly different behaviors in Fig. 3a and Fig. 3b based on excitation amplitude can be problem-
atic in environments with time varying excitation as shown in the amplitude sweep of Fig. 4a where the
first 200 seconds show low amplitude, low frequency intrawell vibration before an excitation amplitude
threshold is reached, after which frequency up-conversion happens as the magnet snaps through the
external magnet each cycle. In order to achieve the higher energy, frequency up-conversion behavior
at all oscillation amplitudes, the separation distance € needs to be reconfigured to be a larger gap at
lower amplitudes, lowering the potential well escape threshold. However, active tuning is undesireable
in energy harvesting devices. These devices only harvest low amounts of energy, and any active tuning
control system is likely to use up the small amounts harvested. Thus any tuning system must operate
passively. Simulated results for two construction techniques are provided. Figure 4b demonstrates sim-
ulated results of a construction that follows Eq. 3 with € as a function of the excitation amplitude. With
a fixed value of €, low amplitude oscillations are stuck in low-energy intrawell behavior. However, by
varying e it is possible to achieve the higher energy snap-through behavior even at low amplitudes.

Figure 4c shows simulated results using Eq. 4 so that the separation distance oscillates closer/further
from the tip mass in phase with the fixed end excitation so that the magnet is pulled closest to the beam
when the excitation is largest from centerline, and the magnet is pushed furthest away from the beam
when the excitation is at the system centerline. This last case provides the same frequency up-conversion
as in Fig. 3b, but has the effect of flattening the response curve with much higher amplitude vibrations
at low excitation levels, but much lower amplitude vibrations at the highest excitation levels.

As a simplification, instead of modeling an electric circuit, relative kinetic energy of the tip mass
will be used as a correlated value, where it is expected that a higher relative kinetic energy of the tip
mass is expected to harvest greater energy by its associated piezoelectric device. Relative kinetic energy
(with respect to the fixed end) is more relevant than its absolute kinetic energy since no changes in strain
energy are induced in the beam when the fixed and free ends are moving in sync with each other. It is
only their differences in motion that cause bending and therefore create strain energy to be harvested.
T, will be used to represent this correlated measure with the equation

T, = %m()'c—v'\/)z. (15)

In a previous cantilever beam energy harvester [12], the external magnet was fixed to the external
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Fig. 5: The four subplots (a)-(d) match the same conditions as Fig. 3a-d but instead of position, show the relative
kinetic energy of the tip mass when subjected to each form of excitation.
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Fig. 6: The three subplots (a)-(c) match the same conditions as Fig. 4a-c but instead of position, show the relative
kinetic energy of the tip mass when subjected to each form of excitation.

excitation and moved along with the beam’s fixed end. This resulted in a constant potential energy
curve that was always bistable at all points in time. However, the downside to that system was system
results were very dependent on initial conditions due to the present of coexisting solutions near the
natural frequency, and only very low energy solutions were possible at frequencies much lower than the
natural frequency. In these cases, the low amplitude intra-well solution is usually the easiest to obtain,
but the less desirable. Qualitatively, that low energy intrawell behavior is similar to that observed in
Fig. 3a. Figures 5a-b clearly demonstrate the advantage of the stationary external magnet over the case
of external magnet oscillating in line with the fixed end by showing the multiple order of magnitude
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increase in kinetic energy of the frequency up-converted case of Fig. 5b over the relative energy in the
low-frequency intrawell oscillations of Fig. 5a. As expected, the high-frequency, interwell oscillations
in Fig. Sc result in the largest relative kinetic energy, and the nearly stationary tip mass subjected to very
high frequency oscillations results in a relatively lower relative kinetic energy as seen in Fig. 5d.

Figure 6 shows relative kinetic energy for the three € equations used for Figure 4. Readers should
note that the y-axis scale for Fig. 6c¢ is different than the other two subplots. Although Fig. 6b provides
energy over a wider amplitude range than Fig. 6a, this can come at a significant expense of energy,
though it is suspected that this may be overcome through tuning of €y and B in the separation distance
function for €. Figure 6¢ shows the widest energy range of the three cases, but its peak is much lower,
again suggesting that improved tuning may be required to optimize the system’s performance.

Conclusion

This paper investigated a piezoelectric energy harvester by modeling the expected behavior of a
bistable cantilever beam system with magnetic tip mass and external tip mass in order to demonstrate
how various manipulations of the separation distance can provide a more efficient harvester than pre-
viously investigated. The main problem similar systems face is low energy harvested when subjected
to excitation frequencies significantly below the system’s natural frequency. This harvester allows fre-
quency up-conversion at low frequency ranges as long as sufficient excitation amplitude is available.
Two mathematical models for altering the strength of the bistability of the system were provided as
proposed solutions to the case where only low amplitude excitation is available.

While this paper showed some qualitative benefits to varying the separation distance, simultaneous
quantitative benefits in peak power and amplitide robustness have not yet been realized. The parameters
for this study allowed the ability to demonstrate expected behavior types, which can prove useful for
determining ranges for parameters prior to experimentation rather than during. Future work for this
system would require analytical tuning to determine optimal functions for €. A physical experiment
would also positively contribute to the field by demonstrating the construction methods for passively
reconfiguring the separation distance €, and supporting the validity of these mathematical models and
simulated results.
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