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WHY ENERGY HARVESTING?
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ENERGY SOURCES

No maintenance! No batteries
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WHY VIBRATIONS?

Sources: http://www.tssphoto.com/2009/11/13/golden-gate-bridge/
http://cosmolearning.org/images_dir/education/photos/606-thumbnail-w700.jpg

http://www.travels321.com/glacier/
http://www.wired.com/2015/05/future-wind-turbines-no-blades/

http://newsroom.medtronic.com/phoenix.zhtml?c=251324&p=irol-mediakit&ID=Pacemakers

Critical structuresStructural health monitoring

Remote sensor networks

Medical applicationsEnergy generation



AMBIENT VIBRATIONS AS POWER SOURCE!

Accessible ambient vibrations are:
 Wideband,
 Incoherent in phase,
 Noisy, and
 Have low-frequency content.

Source: C. Bohn, A. Cortabarria, V. Härtel, and K. Kowalczyk,
Control Engineering Practice, vol. 12, pp. 1029-1039, 2004.

E.g.: measurement of vibrations in a car: 



HARVESTING VIBRATIONS

http://www.npl.co.uk/upload/img/piezoelectric-energy-harvester.jpg



HARVESTING VIBRATIONS



EXISTING SOLUTION: 
LINEAR ENERGY HARVESTING
Good performance only in a narrow 
operating range

Harvesting low frequencies requires large 
devices

Simple to understand and design

See also: A. Erturk, D. J. Inman, “Piezoelectric energy 
harvesting”, 2011.

Source: http://media.digikey.com/Photos/Mide%20Tech%20Photos/V20W.jpg

E.g.: Mide Volture harvesting devices



LINEAR RESONANCE: BANDWIDTH

Q-Factor Bandwidth tradeoff
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TARGET PROBLEM

Tabletop sized setups
 Wideband harvester

 Piezoelectric

 Energy localization



HARVESTING DEVICES
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DUFFING-OSCILLATORS

titanate (PZT) (0.27 lm thick). As depicted in Fig. 1(d),
1000 pairs of interdigitated electrodes on top of the PZT
layer, which are then grouped into 16 external circuits,
extract the electrical charge generated in the PZT layer via
d33 mode piezoelectric effect.9

The device is micro-fabricated by a combination of sur-
face and bulk micro-machining processes; a final beam struc-
ture is shown in Figure 1(b). Layers of thermal oxide, low
pressure chemical vapor deposition (LPCVD) nitride, and
low temperature oxide (LTO) are deposited to form the main
structure. The active layer consists of the titanium/aluminum
interdigitated (IDT) electrodes (top), PZT thin-film (middle),
and a layer of ZrO2 (bottom) as a diffusion barrier layer. A
plasma-enhanced chemical vapor deposited (PECVD) layer
is added to protect the active layer and also to control the re-
sidual stress. A vertically symmetric stress distribution with
an average stress of less than 10 MPa is achieved to enable a
strong nonlinear performance. The structural layer has been
patterned by reactive ion etching (RIE) from the top and
deep RIE (DRIE) from the backside. To avoid excessive
stress, the structure is released using a XeF2 silicon etching
step.

The packaged device is excited by an electromagnetic
shaker. The motion of the proof mass and the base is meas-
ured remotely by a Doppler-effect laser vibrometer. The non-
linear harvester shows resonance in a wider range of
frequencies compared to a linear resonator with a similar
Q-factor. Unlike a linear resonator, the response of the non-
linear harvester depends on the trajectory of the excitation.
Ramping up the frequency pushes the resonator along the
high-energy stable region, like a frequency-locked loop, then
jumps down from the high-energy state to the low-energy
state when instability overcomes the nonlinear stiffness feed-
back (Figure 2).

The piezoelectric properties of the PZT were tested by
x-ray diffraction crystallography (XRD) and polarization-
voltage (P-V) measurement. XRD shows that the PZT is
crystallized mainly in h111i pervoskite phase. In addition,
the remnant polarization, saturation polarization, and coer-
cive field of the device are measured to be 2Pr¼ 36 lC/cm2,
2Ps¼ 102 lC/cm2, and 2Ec¼ 200 kV/cm, respectively. The
device was poled at high temperature (140 "C) and strong
electric field (400 kV/cm). To avoid electric breakdown, a
limiting serial resistor was employed as a negative feedback.

The electrical properties of the fabricated device with
an external silicon proof mass (180 mg) were tested to mea-
sure the energy harvesting performance. The poled device
is excited by a B&K electromagnetic shaker type 4809
which is controlled by Prema ARB 1000 signal generator.
Motion of the central proof mass and the base is measured
remotely by a Polytec PSV-300H Doppler-effect laser vi-
brometer. The dielectric constant, piezoelectric constant,
and piezoelectric coupling factor are estimated as
er¼ 2000, d33¼ 110 pm/V, and k33¼ 20%, respectively.

The output open-circuit voltage was fed into a FFT ana-
lyzer and two main components were identified at each exci-
tation frequency as shown in Figure 2. The first component
is a sinusoid with a frequency matching the excitation fre-
quency (Fig. 2(b)), which corresponds to the bending strain
induced in the beams. It increases slowly as the input

frequency goes up until the harvester jumps down at #1350
Hz. Fig. 2(c) shows the amplitude of a second harmonic
which corresponds to the charge generated due to the nonlin-
ear mode stretching strain in the structure. Since the always-
tensile strain reaches its maximum two times per input vibra-
tion cycle, this component has twice the excitation fre-
quency. This component scales up quadratically as a
function of frequency and can be regarded as the main source
of power generation. This component is the key to the high-
density UWB energy harvesting and cannot be seen in linear
harvesters.

The electrical damping can be increased as long as the
total electro-mechanical damping does not push the resona-
tor into instability, resulting in jump-down to low energy
state. At the jump-down frequency, the nonlinear feedback
from the stretching stiffness is not large enough to keep the
frequency-locked loop within the threshold of instability
where the resonator jumps down to the low-energy stable
region. Unlike a linear resonating device,10 the electrical
damping (extracted electrical power) in the nonlinear energy
harvester may not be bounded by the mechanical damping,
which will be further investigated in the future study. More
electric power can be extracted when the operational fre-
quency is much lower than the jump-down frequency, since
it can tolerate more electrical damping. Exploiting this

FIG. 2. (Color online) Frequency response of the UWB energy harvester.
The device was mounted on the electromechanical shaker, which is driven
by 1.0 V input signal. The device was excited by a sweeping sinusoid which
was ramped up from 500 Hz to 2000 Hz. (a) Theoretical roots of the govern-
ing nonlinear equation of motion given by ðkB þ kr0

Þdþ ksd3

þCð _d; ILoadÞ þ mpm
€d ¼ 'mpmAexsinxext, determine the deflections of the

system. The jump-down and jump-up frequencies are marked by green and
red arrows, respectively. (b) The output voltage generated by the energy har-
vester is monitored by a fast fourier transform (FFT) analyzer. For each ex-
citation frequency, two components can be seen in the frequency domain.
The first harmonic at the excitation frequency corresponds to the bending
strain. (c) Another harmonic at twice the frequency of excitation is also gen-
erated due to the always-tensile stretching strain.

083105-2 A. Hajati and S. Kim Appl. Phys. Lett. 99, 083105 (2011)
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BI-STABLE SYSTEMS
Smart Mater. Struct. 22 (2013) 023001 Topical Review

Figure 3. (a) Bistable magnetic repulsion harvester. (b) Magnetic
attraction harvester. (c) Buckled beam harvester. Piezoelectric
patches shown as light gray layers along part of the beam lengths.
Harvesting circuitry shown as parallelograms.

a buckled beam harvester with the bistability modified by a
variable axial load p. Note that while these three are used here
as examples for illustration, this review is not limited to these
types of devices.

The fundamental electromechanical dynamics have been
evaluated analytically and experimentally with respect to the
individual bistable device design under consideration, but
a common dimensionless formulation is often utilized that
yields trends comparable across platforms. The advantages
of bistability in both stationary and stochastic vibratory
environments have also been detailed. Numerous studies have
probed these subjects to various levels of refinement. As a
result, a rigorous and comprehensive review of the bistable
energy harvesting literature would be an important service to
the technical community. A previous paper has summarized
a portion of bistable energy harvesting developments to
date, though the authors impart particular emphasis to
survey studies regarding MEMS-scale utility and efficiency
metrics [11]. In contrast to the prior survey, the objective
of the present review is to provide a comprehensive outline
of the recent bistable energy harvesting literature, so as to
encompass the breadth of work accomplished and provide
sufficient attention to critical results of these studies.

In the following sections, this review organizes the
variety of research investigations in bistable energy harvesting
based on similar analytical methods and experimental
conceptions. Following the presentation of a unified
electromechanical analytical model widely employed by

researchers, principal conclusions from analytical studies are
summarized. Thereafter, the great body of experimental work
is surveyed and additional insights observed experimentally
but not captured in fundamental analysis are highlighted.
Finally, remaining challenges to the field, proposed solutions
to these obstacles, and the relation between bistable energy
harvesting and similar explorations in contemporaneous fields
are summarized.

2. Governing equations of single degree-of-freedom
bistable oscillator

The interest in bistable oscillator dynamics grew in
proportion to the discovery of the attendant chaotic
oscillations which occur for specific operating parameters,
first observed numerically and experimentally by Tseng and
Dugundji [12]. The authors described the chaotic vibrations of
a buckled beam as ‘intermittent snap-through’ [12]. Extensive
exploration was performed later by Holmes [13] and Moon
and Holmes [14] so that a more detailed understanding
developed from which the recent literature in bistable energy
harvesting has taken root. The governing equation derived was
for a mechanically buckled beam [13] and for a beam buckled
via magnetic attraction [14]. Using a one-mode Galerkin
approximation, the authors derived an ordinary differential
governing equation for the buckled beams which was found
to accurately represent experimental results.

The governing equation for an underdamped, single
degree-of-freedom oscillator excited by base acceleration may
be formulated from the physical coordinates where the relative
displacement X(t) of an inertial mass m is determined by

mẌ + cẊ + dU(X)

dX
= �mZ̈ (1)

where c is the viscous damping constant, Z̈ is the input
base acceleration, and the overdot denotes differentiation with
time. The restoring force potential of the oscillator may be
expressed as

U(X) = 1
2 k1(1 � r)X2 + 1

4 k3X4 (2)

where k1 is the linear spring constant, k3 is the nonlinear
spring constant, and r is a tuning parameter. Figure 4 shows
the effect on the restoring force potential for three cases of
tuning parameter and nonlinearity strength, � = k3/k1. The
linear oscillator, � = 0 and r < 1, is monostable as is the
nonlinear Duffing oscillator, � 6= 0 and r  1 which exhibits a
softening nonlinearity for � < 0 and hardening nonlinearity
when � > 0. However, when the tuning parameter r > 1
and � > 0, the central equilibrium is no longer stable and
the system becomes nonlinear bistable, having new stable
equilibria at X⇤ = ±p

(r � 1)/�. This latter case is also
referred to as the Duffing–Holmes oscillator in honor of their
collective contributions [15].

A nondimensional time, ⌧ = !t, is applied to equation (2)
where ! = p

k1/m is the linear natural frequency of
the oscillator. Defining ⇣ = c/2m!, and operator (·)0
as differentiation with respect to ⌧ , the nondimensional

3

R. HARNE AND K. WANG, "A REVIEW OF THE RECENT RESEARCH ON VIBRATION ENERGY HARVESTING VIA BISTABLE SYSTEMS.”, 2013.
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VIBRATION LOCALIZATION
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METAMATERIALS Periodic structures with 
unexpected properties



LOCALLY RESONANT METAMATERIALS

Z. LIU, ET AL., "LOCALLY RESONANT SONIC MATERIALS.”, 2000.



METAMATERIALS: WAVE GUIDING
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METAMATERIALS: FOCUSING

D. TORRENT, AND J. SÁNCHEZ-DEHESA, “ACOUSTIC METAMATERIALS FOR NEW TWO-DIMENSIONAL SONIC DEVICES.”, 2007.
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Figure 6. Right panel: sound focusing by a gradient index sonic lens made
of a nine layer slab of Gel and rigid cylinders embedded in air and equally
distributed in a square lattice (black dots). The pressure map in decibels (20⇥
log|P(x, y)|) is plotted around the lens. The sound impinges on the slab oriented
along the 0X direction. Left panel: the variation of the acoustic refractive
index n(y). The parabolic variation shown is achieved by decreasing the diameter
of cylinders from the central row at y` = 0 to the last upper/lower rows
(y` = ±10a). The working wavelength is � = 4a.

under the condition Z⇤ = 1, which gives the following set of coupled linear equations:
⇣1 f1 + ⇣2 f2 = 1� n⇤(y`), (18a)

⌘1 f1 + ⌘2 f2 = �1� n⇤(y`)

1 + n⇤(y`)
, (18b)

from which R1 and R2 are obtained.
The focusing effect of the proposed broadband lens is shown in the right panel of figure 6

for the case of a wavelength � = 4a. The simulation has been performed by the multiple
scattering method developed in [5, 25], where no viscosity effects are taken into account. This
lens outperforms a broadband lenticular-shaped lens based on rigid cylinders [1, 5]. Thus, the
ten-layer proposed lens obtains a maximum intensity of 8.8 dB at the focal point while the
lenticular-shaped lens achieves only 6.6 dB by using a 19-layer thick lens.

6. Summary

We have shown that a great variety of acoustic metamaterials can be designed by using SC
consisting of 2D arrangements of solid cylinders in a fluid or gas. Particularly, we reported the
analytical expressions that depend on the elastic parameters of the cylinders and have proved to
be very helpful in the design process. Also, for the case of two component cylinders, we have
introduced Zc phase diagrams that have allowed to find metamaterials with perfect matching
of impedance with air. As an application, we have reported a sonic Wood lens in which a
parabolic variation of the refractive index is achieved by changing the cylinders’ radii in the
direction perpendicular to the lens axis. Its focusing property has been demonstrated by multiple
scattering simulations and it outperforms the functionality of other lenses previously reported. In
summary, our work shows that isotropic acoustic metamaterials with a broad range of possible
parameters are now possible by simple means. However, the possibility of having anisotropic
acoustic metamaterials for cloaking devices in acoustics [13] is still open and will be the topic of
our future work. To conclude, let us also remember that a 2D acoustic system can be mapped into
a electromagnetic counterpart, where P , Ev, ⇢ and B correspond to Hz, EE , ✏ and µ, respectively.
Therefore, analogous results should be expected by working with 2D photonic crystals.

New Journal of Physics 9 (2007) 323 (http://www.njp.org/)
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TUNABILITY OF METAMATERIALS
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