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Here, we present an ultra wide-bandwidth energy harvester by exploiting the nonlinear stiffness of a

doubly clamped microelectromechanical systems (MEMSs) resonator. The stretching strain in a

doubly clamped beam shows a nonlinear stiffness, which provides a passive feedback and results in

amplitude-stiffened Duffing mode resonance. This design has been fabricated into a compact MEMS

device, which is about the size of a US quarter coin. Based on the open circuit voltage measurement,

it is expected to have more than one order of magnitude improvement in both bandwidth (more than

20% of the peak frequency) and power density (up to 2 W/cm3) in comparison to the devices

previously reported. VC 2011 American Institute of Physics. [doi:10.1063/1.3629551]

In order to circumvent the “Gain-Bandwidth Dilemma,”

which prevents most cantilever-based energy harvesters

from practical applications,1–5 we utilize the stretching strain

in thin, doubly clamped beams instead of the bending strain

in cantilever structures.6,7 Consider the large deflection of a

doubly clamped beam as shown in Figure 1(a). Each beam is

clamped between the support and the proof mass. Pure bend-

ing requires a lateral motion of the proof mass toward the

support to keep the beam’s length unchanged. However, the

symmetry of the doubly clamped beam prevents any lateral

and rotational motion of the proof mass other than its vertical

motion. Therefore, a stretching force results in a doubly

clamped structure to compensate for the inevitable increase

of the beam length. A large deflection of the proof mass

results in two kinds of strain: bending strain, SB, and stretch-

ing strain, SS.

While the bending strain is not uniform and varies along

the length and across the thickness of the beam in either ten-

sion or compression, the stretching strain is always tensile

and almost uniform across the length and thickness for both

upward and downward motion.

The load-deflection characteristic of the doubly clamped

beam can be modeled as an amplitude-stiffened Duffing

spring.8 The elastic force can be divided into two parts: a lin-

ear term which is the result of the small deflection bending

and also the residual stress in the beam and a nonlinear term

which results from the stretching. For very thin and long

structures (e.g., diaphragms), the structure behaves like a

tensional wire. Especially, in the case of microelectrome-

chanical system (MEMS) structures, the membrane is suffi-

ciently thin that the bending-based linear term may be

neglected.

The wide bandwidth resonance of the system can be

explained by the negative feedback resulting from Duffing

stiffening. Stretching stiffness induces an amplitude-depend-

ent stiffness, keq¼ (kBþ kr)þ 3=4kSZ2, which forces the

equivalent resonance frequency to track the excitation fre-

quency. keq, kB, kr, kS, and Z are the equivalent linear stiff-

ness, the bending-based stiffness, the stiffness due to the

residual stress, the stretching-based stiffness, and the ampli-

tude of deflection, respectively. To achieve a stronger nonli-

nearity for a wider resonance bandwidth, the equivalent

stiffness should be mainly controlled by the nonlinear stiff-

ness term, such that kB þ kr � kSZ2. For a MEMS-scale res-

onator, the average residual stress in the beam is substantial.

Consequently, design and process efforts have been made to

minimize the average residual stress along the beam with

optimized beam dimensions, choice of materials, and a

heavy external proof mass.

Figure 1(b) depicts the schematic structure of our ultra-

wide bandwidth (UWB) energy harvester. It consists of four

identical doubly clamped beams which are connected to a

single external proof mass on top of each beam’s centroid.

This device is micro-fabricated by a combination of surface

and bulk micro-machining processes, as shown in Fig. 1(c).

The beams are covered with a thin film of lead-zirconate-

FIG. 1. (Color online) Ultra-wide bandwidth energy harvester (a) The total

strain, ST, in a doubly clamped structure is the sum of bending strain, SB,

and stretching strain, SS, ST¼ SBþ SS. (b) The main harvester part consists

of four doubly clamped beams before it is assembled to an external proof

mass. (c) A schematic cross-section view of the harvester. (d) Optical image

of the released device.

a)Author to whom correspondence should be addressed. Electronic mail:

hajatia@gmail.com.
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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 ksd

3

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.
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property, theoretically extractable power is calculated as

shown in curve 1 of Figure 3.

This curve shows the maximum extractable power based

on adjusting the electrical load as a function of frequency.

Assuming an ideal electric load, the extractable power is

estimated based on the open-circuit voltage generated. Com-

pared to the fixed load condition, the extractable power can

be boosted at lower frequencies by increasing the electrical

load using a synchronized switching harvesting interface

(SSHI) circuit.11 The nonlinear resonator shows a power (ex-

tractable) bandwidth exceeding 50% of the arithmetic center

frequency while a typical linear resonator has a power band-

width less than 1% which shows 2 orders of magnitude

improvement.

A piezoelectric power source can be fully characterized

as an ideal voltage source (or current source) and its internal

capacitance. Accordingly, the actual generated power based

on the measured open-circuit voltage (shown in Figure 2)

and the internal capacitance (8.5 nF) and resistance (3.5

MX) is shown as curve 2 in comparison to the maximum the-

oretically extractable power (curve 1). The generated power

is based on only one layer of PZT (265 nm) and a SSHI,11

with effective QI of 20 and shows a bandwidth exceeding

20% of the arithmetic center frequency. Unlike a pure resis-

tive loading, a switching inductor is employed to improve

the efficiency of electric power extraction up to

Pmax ¼ QII
2
P

4p2C0xex
in which IP, C0, and xex are the piezoelectric

current source, the internal capacitance, and the excitation

frequency, respectively. The generated power is scaled by

the mechanical-to-electrical coupling property and the thick-

ness of the PZT layer and also the efficiency of the electrical

interface. The actual generated power in this case is smaller

than the maximum extractable power, which can be easily

scaled up by placing more (or thicker) layers of PZT and

adjusting the electric load to exploit the high electrical

damping capacity of the non-linear beam. Considering the

volume of PZT (4� 5 mm� 4 mm� 265 nm � 0.021 mm3),

the generated power density is 2 W/cm3. This level of power

density is at least two orders higher than the previously

reported piezoelectric energy harvesters.1

The power generation capability of a similar device but

with a misaligned electrode is tested with direct resistive

loads. Stretching strain in the beam between the electrodes

would result in 5 times smaller strain (the effective Poisson’s

ratio) and gives 5 times smaller voltage (and 25 times

smaller power) output than those of the correct device. At

450 Hz, the tested device generates 140 nW of power meas-

ured across the optimal resistive load of 290 kX. By correct-

ing the electrode orientation and improving the device

quality, we improved the open circuit voltage by more than

7 times (up to 0.8 V) at 1.3 kHz as reported in Figure 2. Con-

sidering a similar capacitance and impedance for both devi-

ces, the extractable electric power by an optimal direct

resistive load would be 22 lW which compares well with the

expected power of 45 lW shown in Figure 3.

Harvesting power from environmentally available vibra-

tion will be useful for applications where no power sources

other than chemical battery are available. Toward this end,

energy harvesting from vibrations should overcome the two

biggest challenges: maintaining resonance over an uncertain

spectrum of environmental vibration (wide bandwidth) and

high power density to ensure compact and low-cost device

manufacturing. The piezoelectric energy harvester with dou-

bly clamped beam structures has demonstrated both wide

enough bandwidth resonance and high enough power den-

sity. The wireless sensor community has long sought to

achieve a sustainable power source of more than 100 lW

continuous at the size of a small coin. The power estimated

from the measured open circuit voltage of our device is

45 lW, which would be increased to 85 lW with a smart

adaptive interface, and more than 100 lW by doubling the

piezoelectric layers to draw more electrical energy already

available in the nonlinear beam. 1000 lW directly measured

power at the same size of the device is our near-term goal in

making practically deployable energy harvesters.
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FIG. 3. (Color online) Mechanical response of the system as a function of

excitation frequency. Curve 1 shows the theoretically extractable power of

the nonlinear Duffing resonator based on the mechanical analysis, assuming

ideal electric loading. Curve 2 depicts the generated power based on the

measured open-circuit voltage.
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