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Abstract

Parametric excitation (PE) has widely been employed as a method of mechanical
pre-amplification in nonlinear vibration energy harvesting systems. However, despite their
advantages, most current PE systems are limited to degenerate parametric operation within a
narrow frequency band around the primary instability tongue. In this paper, we simulate and
experimentally demonstrate a parametrically driven capacitive electromechanical resonator
having multiple electrical degrees of freedom. Multiple modes allow for several frequency
bands in which the electrical resonator is driven into nondegenerate (combination) parametric
resonance (PR) in addition to degenerate resonance, thereby enabling operation over a broader
range of frequencies while maintaining the same mechanical footprint. These frequency bands
and PR thresholds are tunable by simply changing the electrical circuit parameters and PR can
be achieved in the presence of high mechanical damping making the method more adaptable
than purely mechanical approaches. Experimental results are extended by simulations indicating
that proper selection of operating parameters can enable the merging of instability tongues to
produce a broadband region of PR for elastic wave energy harvesting thereby obtaining superior
performance when compared to an equivalent single degree of freedom PE energy harvester.

Supplementary material for this article is available online

Keywords: tunable resonators, MEMS, nonlinear systems, parametric excitation, energy
harvester

(Some figures may appear in colour only in the online journal)

1. Introduction response of a PE system is independent of the linear damping

and only limited by nonlinearities at large amplitudes [6]. This
Vibration energy harvesting by means of parametrically pag enabled the use of PE as a means of mechanically ampli-
excited (PE) systems has gained increased attention in recent fying the vibrational motion of the energy harvester. Primary
years [1-5]. Unlike linear resonant systems, the vibrational parametric resonance (PR) is obtained by periodically mod-

ulating a system parameter such as the stiffness at approx-
* Author to whom any correspondence should be addressed. imately twice the natural frequency of the system. When the
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modulation exceeds a damping dependent threshold, a sharp
increase in the system amplitude response is observed and the
vibration is converted to electrical energy by means of piezo-
electric [7-9], electromagnetic [6, 10, 11] and other [12] trans-
duction methods.

PE energy harvesters have previously been shown to out-
perform their linear counterparts in terms of bandwidth and
power density [6, 8], however, this class of energy harvesters
is still limited by two major drawbacks—a high initiation
threshold and narrow bandwidth. The damping dependent
threshold for PR in a purely mechanical system can some-
times place an impractical restriction on the minimum excit-
ation level required for effectively harvesting energy from
ambient vibrations, as the system is essentialy rendered unus-
able for excitation levels below this threshold. Researchers
have tried to overcome this limitation by combining direct and
PEs in the harvesting system, as well as developing designs
that reduce the initiation threshold of the PE energy harvester
[7, 13, 14].

The instability tongue in which a PE energy harvester is
driven into PR is limited to a narrow band around two times
the natural frequency of the system and this places a sig-
nificant restriction on the operational bandwidth of the har-
vester. Different approaches have been proposed to overcome
this limitation, including using systems with multiple mech-
anical degrees of freedom (DOF) [15-19]. However, such an
approach leads to an increase in the size of the energy harvester
without a significant increase in the energy density. Attempts
have also been made to broaden the operation bandwidth by
exploiting the higher order PRs of a single mechanical res-
onator [20, 21]. While this can be achieved in a small foot-
print, it is well known that higher order PRs are difficult to
excite and have narrower instability tongues [20] when com-
pared to the first order PR, making them highly impractical for
real world energy harvesting applications. More recent devel-
opments include the use of clever designs to modify the nonlin-
earity of the system and improve the bandwidth of the energy
harvester [10, 22, 23]. However, such devices usually involve
complex design and are not trivial to realize at the micro
scale.

Recent advances in PE transducers for wireless power
transfer [24], energy harvesting [25] and acoustic sensing
[26] has led to the development of mechanically driven elec-
trical parametric resonators. The capacitive parametric ultra-
sonic transducer (CPUT) is one such system comprised of
a membrane-based time varying parallel plate capacitor that
forms part of a resistor-inductor-capacitor (RLC) resonator
[27]. Mechanically exciting the membrane around two times
the natural frequency of the RLC circuit causes the electrical
resonator to be driven into PR, resulting in the conversion of
the input mechanical energy into an electrical output without
the need for a bias voltage or a secondary transducer. Addi-
tionally, the forcing threshold for PR in the CPUT is primarily
dependent on the damping in the electrical circuit [26]. There-
fore it can be operated in lossy environments with damped
mechanical characteristics and with electrically controlled ini-
tiation, thereby lifting a significant limitation faced by purely
mechanical PE systems.

In this paper, we propose the use of multiple electrical DOF
(MDOF)? to both excite and accurately control the location of
degenerate and nondegenerate (combination) PRs while using
a single mechanical resonator. The operation of such a system
is first simulated using a 1D lumped model in Simulink and
experimentally verified by ultrasonically exciting a capacitive
micro electro mechanical systems (MEMS) resonator with two
electrical DOF into multiple regions of PR in a fluid medium.
Tunability of the system just by changing electrical circuit ele-
ments is also shown experimentally. The utility and scalability
of such an implementation to practical low-frequency elastic
wave energy harvesting is then demonstrated by designing
and simulating a 2-DOF PE capacitive energy harvester. It is
observed that by proper selection of parameters, different elec-
trical modes can be driven into degenerate and combination
PR by exciting the variable mechanical capacitor over a wide
range of frequencies. Simulations further indicate that the pro-
posed 2-DOF system exhibits superior bandwidth and power
performance when compared to a 1-DOF system utilizing the
same mechanical receiver thereby enabling the use of such PE
MDOF systems for broadband energy harvesting with a small
mechanical footprint.

2. Methods

2.1. Lumped parameter modelling of a capacitively coupled
electromechanical resonator with n-degrees of freedom

A lumped parameter 1D model previously developed for a
1-DOF CPUT [24] is modified to include the proposed PE
MDOF capacitive electromechanical resonator and is shown
in figure 1. The MDOF system consists of a mechanical paral-
lel plate resonator with the moving plate of known mass m,
stiffness k and damping b, that also acts as a time-varying
capacitor Cy, in the electrical domain. This is connected in
series with an electrical resonator having n DOF, where n is
the number of shunted LC branches and a load resistance Ry .
In the absence of Cy,, the resonant frequency f; of the ith LC
branch only depends on the values of L; and C;. However, in
the case of the MDOF system, each LC branch is capacitively
coupled to all of the other branches through the time-varying
capacitor. A mechanical excitation applied to the moving plate
changes the instantaneous value of Cy, and perturbs the res-
onance frequency of all n branches. If a harmonic excitation of
frequency 2f; is applied on the moving plate, the ith branch of
the electrical resonator can be driven into degenerate PR, with
the amplitude of voltage across the load resistance Ry only lim-
ited by the inherent nonlinearities [15]. The initial perturbation
required for the onset of PR can be satisfied by the thermal
noise present in the electrical resonator. Additionally, the sys-
tem can be driven into combination PR by exciting the plate
around f; 4 f; where i and j represent two different LC branches
of the electrical resonator [28]. Thus, increasing the number of
LC branches allows for a larger number of frequency bands in

3 Note that henceforth, degrees of freedom (DOF) refer to the number of elec-
trical modes unless mentioned otherwise.
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Figure 1. A 1D lumped parameter schematic of a capacitive
electromechanical resonator with n-DOF.

which the system can be driven into degenerate and combina-
tion PR, thereby dramatically increasing the bandwidth while
using a single mechanical resonating element.

2.2. Implementation of model in Simulink

The MDOF system can also be represented by a set of coupled
nonlinear differential equations that can be solved iteratively
in the time domain by a commercial solver such as Simulink
(MathWorks, Natick MA). This enables one to simulate its
operation for various input forcing conditions, electrical para-
meters and designs. The governing equations for the systems

are:
diz_A'_Eg_i_E x—@sin(w- t)+%‘/7c2 (1)
d?  mdt m|  m " 2m (dy — x)*
Vet+i[RL+F {Z(w)}] =0 )
A
R
B dt ’

Here, equation (1) represents the dynamics of the mech-
anical parallel plate resonator with electrical and mechanical
force inputs, equation (2) is Kirchhoftf’s voltage law applied
to the system and equation (3) represents the relationship
between the current in the circuit and the voltage across the
variable capacitor. The parallel plate displacement is given by
x and the voltage across the variable capacitor is given by V..
The angular frequency of the input mechanical excitation is wi,
and the load resistance is Ry . The impedance of the n shunted
electrical oscillators is represented by Z (w) where,

1 1 1 1

= = - T+ T+
Z(w) JwL; +jwiC1 ]WLerijz

Jwln + JwCy

“

Hence, n number of electrical resonators/LC branches can
be conveniently expressed in the form of a single complex
impedance. In order to solve this system of equations in Sim-
ulink, it is necessary to take the inverse Fourier transform
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Figure 2. Normalized frequency response of both the custom
CMUT and the Phillips CMUT when immersed in Flourinert-FC70:
the frequency response is obtained by applying a 100 ns electrical
pulse to the CMUT and recording the output pressure on a
broadband hydrophone. The steps involved in the fabrication of a
similar device is presented in [30].

(expressed by the F~! operator in equation 2) of Z(w) and
express it in the form a finite impulse response filter in the
model to keep all the expressions in time domain. The solu-
tion of the MDOF system can then be obtained as a function
of various parameters such as the input excitation level, forcing
frequency etc. The implementation of the model in Simulink
is shown in figure S1 of the supplementary section (available
online at stacks.iop.org/SMS/30/045024/mmedia).

2.3. Experimental demonstration of multiple tunable
instability tongues using capacitive micromachined
ultrasonic transducers

Capacitive electromechanical resonators with two electrical
DOF are used to experimentally demonstrate that PE MDOF
systems can be driven into multiple frequency bands or regions
of PR and that these frequencies can be easily tuned. Both
the frequency bands and tuning capability are predicted by the
model. The first set of proof-of-principle experiments is aimed
at demonstrating degenerate and nondegenerate PR in the 2-
DOF system and its depedence on the level of input excitation.
For this experiment, a custom-built capacitive micromachined
ultrasonic transducer (CMUT) is used as the mechanical res-
onating element. A CMUT is a membrane-based MEMS
device with a broad bandwidth that is primarily developed and
used for medical imaging applications [29]. In this particular
experiment, the broadband nature of the CMUT enables us to
efficiently excite the system into PR over a wide range of fre-
quencies. The CMUT is ultrasonically excited in Flourinert
FC-70 (Sigma-Aldrich), a nonconductive liquid with a char-
actersitic acoustic impedance similar to that of water. Figure 2
shows the pressure output spectrum of the CMUT in FC-
70. Note that the mechanical response of the CMUT is quite
damped, with a —3 dB bandwidth of roughly 2.5 MHz around
2.4 MHz. This is significant as the electrical resonator-based
approach here enables PR without the need for lightly damped
mechanical resonators or experiments in vacuum chambers
[16].
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Figure 3. Schematic of the experimental setup used to demonstrate
multiple tunable regions of PR in a 2-DOF capactive
electromechanical resonator.

The static capacitance Cy,, of the custom CMUT is meas-
ured in FC-70 using a network analyzer and is found to be
38 pF. The CMUT is connected to an electrical resonator hav-
ing two LC branches and the values L; (1.34 mH), C (500 pF),
L, (1.55 mH) and C; (19 pF) are chosen such that the undis-
turbed linear resonance frequencies of the system are 560 kHz
(f1) and 1.23 MHz (f>). Theoretically it is possible to reduce
the spacing between the two electrical resonance frequencies
f1 and f», however calcuations reveal that the values of induct-
ance required for such an implementation are impractically
large, given the low value of C,. (refer to supplementary
material for more details on calculation and optimization of
capactiances and inductances). Note that no DC bias is applied
to the CMUT capacitance when operated in this configura-
tion. A piezoelectric transducer (Olympus A303S/306S-SU)
connected to a signal generator and an RF amplifier is used
to mechanically excite the CMUT. The narrowband nature of
the piezoelectric transducer requires the use of two different
transducers at 1 MHz and 2.25 MHz to successfully excite the
system into PR in the different instability regions. An oscillo-
scope (Tektronix TDS5054B) is used to measure the voltage
across Cy,r. The experimental setup is shown in figure 3.

In a second set of experiments aimed at demonstrating tun-
ability of the PR instability tongues, a commercially avail-
able CMUT device (Philips innovations) operating at 1.5 MHz
with a —3 dB bandwidth of 1.97 MHz is used as the mech-
anical resonating element in a similar configuration to that
shown in figure 4. These devices are particularly suitable for
this purpose because their large static capacitance of 353 pF
(approximately 10x larger than the custom CMUT) enables
closely spaced electrical resonance frequencies using prac-
tical, off-the-shelf inductors. The values of L;, C;, L, and
C, are re-calculated using the new value of Cy, to realize
electrical resonance frequencies f| and f, at 458 kHz and
587 kHz respectively. The value of inductor L, is also var-
ied to demonstrate easy electrical tuning of the resonance fre-
quencies which in turn leads to superior control over the loca-
tion of the PR instability tongues when compared to purely
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Figure 4. Experimentally measured frequency response of the
custom CMUT based 2-DOF electromechanical resonator
displaying three distinct regions of PR centered at forcing
frequencies of 1.016 MHz, 1.699 MHz and 2.378 MHz.

Table 1. Comparison between custom CMUT and the commercial
CMUT used in the experiments along with circuit components used
to create the 2-DOF system.

System properties Custom CMUT Philips CMUT
Membrane 70 pm X 70 pm 100 pm (radius)
dimensions

Center frequency 2.4 MHz 1.5 MHz
Mechanical Q-factor  0.746 0.602

No. of membranes 306 672

Static capacitance 38 pF 353 pF

(Cvar)

Inductor 1 (L;) 1.34 mH 4.8 mH

Inductor 2 (L) 1.55 mH 260 uH
Capacitor 1 (Cy) 500 pF 18 pF

Capacitor 2 (C») 19 pF 0.21 uF
Resonance 560 kHz/508.9 kHz 475 kHz/458 kHz
frequency 1 (f1)

(predicted/measured)

Resonance 1.23 MHz/1.189 MHz 600 kHz/587 kHz
frequency 2 (f2)

(predicted/measured)

mechanical PE systems. The main differences between the
custom-made and commercial CMUTs along with the circuit
components used for the two sets of experiments are high-
lighted in table 1 in comparison with the model predictions.

3. Results and discussion

3.1 Experimental results: existence of multiple regions of PR
in systems with high mechanical damping and dependency
on excitation level

The frequency response of the 2-DOF system is determined
by applying an incident ultrasonic excitation and measur-
ing the voltage across the variable capacitor. The load res-
istance is set to zero as a large internal resistance (=25 2)
in the CMUT contributes to a significant increase in the for-
cing threshold required to drive the system into PR and any
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additional resistance would increase this threshold and reduce
the bandwidth. The input voltage to the piezoelectric trans-
ducer is adjusted such that the ultrasonic excitation is suffi-
cient to drive the system into PR. The measured linear res-
onance frequencies f| and f, are found to be 508.9 kHz and
1.189 MHz respectively and this minor shift from the the-
oretically calculated values can be attributed to differences
between the rated and actual values of the coil wound induct-
ors as well as parasitics in the circuit. The voltage across the
CMUT plotted as a function of the forcing frequency (figure 4)
shows that there are three regions where the system exhibits a
large response and each of them corresponds to an LC branch
driven into PR. A closer observation of first of these regions
(region A) reveals an asymmetric instability tongue associated
with the primary PR of the lower LC branch. This is confirmed
by a sharp increase in the voltage across the CMUT as the for-
cing frequency crosses the boundary of the instability tongue
centered on 2f;. A spectral analysis of the recorded output
voltage also reveals that the primary frequency component is
half of the forcing frequency, additionally confirming that the
system is PE in this region. Similarly, region C corresponds
to the instability tongue associated with the primary PR of the
upper LC branch and is centered approximately on 2f. A third
region where the 2-DOF system is driven into PR occurs at
region B and is a result of the combination resonance associ-
ated with the interaction of the two LC branches. This interac-
tion is unique to MDOF PE systems and provides an additional
region of system response that is not seen in linear MDOF sys-
tems. The instability tongue for region B is centered on f| + f>
and the primary frequency components of the recorded out-
put voltage are around f| and f,. As expected, the voltage is
negligible at forcing frequencies outside the three instability
tongues as the system cannot be driven into PR.

The bandwidth of the parametric instability tongue has pre-
viously been shown to depend strongly on the level of forcing
[26]. To observe the effect of an increased input force, the
voltage across the CMUT capacitance is recorded for differ-
ent levels of piezoelectric excitation. Since two different trans-
ducers are used to excite the CMUT at different frequencies,
the differences between the input voltages applied to the trans-
ducer must only be compared within each instability tongue.
Figure 5 shows the effect of increasing the forcing level on the
bandwidth of the three regions of PR. In each case, the width of
the instability tongue increases with increasing input voltage
level. The bandwidth can be further increased by reducing the
internal resistance present in the CMUT capacitance. Doing so
also ensures that maximum power is delivered to the load res-
istance enabling efficient operation at lower input excitation
levels.

3.2. Experimental results: electrical tuning of PR frequencies

As previously mentioned, the low static capacitance of the
custom-made CMUT requires the use of very large induct-
ances in order to obtain closely spaced electrical resonances.
This limitation can be compensated to some degree by using
a CMUT with a larger static capacitance. The custom-made
CMUT used previously is replaced by the Philips CMUT with

@
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Figure 5. Effect of input forcing level on the bandwidth of the
2-DOF system. (a)—(c) Correspond to the instability tongues
centered at frequencies 2f1, f1 + f2 and 2f, respectively.

the intention of reducing the spacing between the different
instability tongues and demonstrating the tunable nature of
the electrical resonances. The optimal circuit parameters are
calculated and a new 2-DOF system is realized using prac-
tically achievable inductance and capacitance values. Once
again, the measured resonance frequencies f; (458 kHz) and
f2 (587 kHz) closely match the predictions from the theoret-
ical model, with negligible variations caused by parasitics in
the circuit. The closely spaced nature of the resonance frequen-
cies enables the excitation of all three instability tongues with a
single 1 MHz piezoelectric transducer (figure 6). The location
of each of the instability tongues is consistent with the previ-
ous results and is centered approximately around 2f, 2f, and
f1 + f> for the primary PRs and combination PR respectively.
The variations in the amplitude of voltage across Cy,, and the
shape of the instability tongues when compared to the results
obtained with the custom-made CMUT can be attributed to
differences in forcing levels and mechanical properties of the
CMUTs. The value of L, is also reduced by 10 pH and the fre-
quency response of the system is re-measured to demonstrate
that the LC resonators can be easily tuned to adjust the location
of the instability tongues (dashed line). As further validation
of the model, it is noted that the movement of the instabil-
ity tongues toward the right is in agreement with the theor-
etical prediction of a 6 kHz and 4 kHz increase in the two
linear resonance frequencies, respectively. It is worth noting
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Figure 6. Measured frequency response of the 2-DOF system with
a commercially available CMUT as the mechanical resonating
element (solid line). Note the reduction in frequency spacing
between the instability tongues as compared to figure 5. The dashed
lines represent the frequency response of the system when L, is
reduced by 10 pH.

that the realization of such closely spaced tunable instabil-
ity tongues in purely mechanical PE systems is extremely
challenging to achieve as the mechanical structure itself must
be modified in order to move around the vibrational modes.
Hence, the MDOF electrical resonator-based approach allows
for a greater degree of flexibility while designing PE capacit-
ive energy harvesting systems.

Thus, by making use of a capacitive electromechanical res-
onator with MDOF, it is possible to realize a PE energy har-
vesting device with a significantly larger frequency band of
operation. The electrical resonance frequencies can be easily
adjusted, allowing the device to operate in frequency bands
containing the largest input excitations. Experimental results
indicate that while the design of the mechanical resonating
element can be flexible, having a large static capacitance
enables the realization of closely spaced resonance frequen-
cies without the need for very large inductors. Finally, the use
of a damped mechanical element to excite the system into dif-
ferent regions of PR demonstrates the relative independence of
the system to environmental and mechanical damping thereby
overcoming a common limitation of purely mechanical PE
energy harvesting systems.

3.3. Design and simulation of a low frequency elastic wave
energy harvester

To verify that the concept of MDOF can also be applied to
energy harvesting, a PE capacitive energy harvester operating
at a lower frequency than the CMUT used in the experiment is
designed and simulated in Simulink [24]. Ambient vibration
energy harvesting systems commonly operate at frequencies
below 100 Hz, however synthesizing passive LC resonators at
such frequencies requires the use of impractically large induct-
ors. Here, elastic wave energy harvesting [31-35] is specific-
ally chosen as the target application as the MDOF approach is
best suited for operation in the >40 kHz frequency band.

The proposed system consists of a mechanical parallel plate
resonator which is modeled as a generic mass-spring-dashpot
with a resonance frequency of 50 kHz and connected to a

Table 2. List of parameters used for the simulation of the low
frequency energy harvester.

Symbol Parameter Value

m Mass of plate 1013 g

k Stiffness of plate 1 x 10" Nm
b Damping in plate 3000 Ns m™!
g Equivalent gap 80 nm

A Equivalent area 6.15 x 1074 m?
L Inductor 1 83 mH

Ly Inductor 2 688 uH

C Capacitor 1 0.482 nF

C Capacitor 2 0.478 uF

Cyar Parallel plate capacitance 68.14 nF

Ry Load resistance 5Q

2-DOF electrical resonator. The mechanical and electrical
parameters used in the model are listed in table 2. The values
of the electrical components are chosen such that the lower
and upper resonance frequencies of the electrical resonator
are at 48 kHz (f1) and 52 kHz (f%), respectively. The input is
provided in the form of a base excitation to mimic conditions
present in a typical elastic wave energy harvesting scenario.
Additionally, a 1 V unipolar electrical pulse with a width of
4 us is applied to the circuit at ¢ = 0, in order to provide the
initial conditions required for PR in the system.

Three different excitations of 0.546 mm s—!, 0.703 mm s~
and 0.858 mm s~! are applied to the harvester and the
voltage across the load resistance as a function of the for-
cing frequency is plotted in figure 7(a). Note that these for-
cing levels and frequencies are typical to previously reported
elastic wave energy harvesting systems [36, 37]. Parametric
instability tongues are observed around 2f1, 2f% and fi + f%
due to primary and combination PRs. Similar to the experi-
mentally observed trends, the width of the instability tongue
increases with input acceleration. Due to the closely spaced
resonance frequencies f1 and f3, a high level of base excita-
tion (0.858 mm s~ ') increases the bandwidth of each of the
instability tongues such that they overlap with each other cre-
ating a continuous band of operation. Thus, the system directly
transitions from one instability tongue to another while con-
stantly maintaining a large output response to the excitation.

In order to highlight the advantage of MDOF, the perform-
ance of the 2-DOF PE capacitive energy harvester is compared
with two 1-DOF PE harvesters having electrical resonance fre-
quencies at 24 kHz and 26 kHz. The 1-DOF systems utilize
the same mechanical resonating element as that used in the 2-
DOF system and is connected in series with the appropriate
inductor and 5 € load resistance. The simulated performance
of the three systems for an input excitation of 0.703 mm s~! is
shown in figure 7(b). It is observed that the 2-DOF system has
an operational band spanning approximately 5250 Hz whereas
the 1-DOF systems span 4700 Hz (24 kHz) and 4780 Hz
(26 kHz) for the same input excitation. Furthermore, a peak
voltage of 0.5 V across the 5 2 load resistance of the 2-DOF
system exceeds that of either of the 1-DOF systems (0.45 V).
Note that the operational bandwidth of the 2-DOF system can
be further increased by optimizing the electrical parameters

1
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Figure 7. (a) Simulated voltage across the load resistance of a
2-DOF PE capacitive energy harvester for three different values of
input base excitation. (b) Comparison of the 2-DOF system with

two 1-DOF systems having resonance frequencies at 5 kHz and

6 kHz for an input excitation of 0.703 mms s~ ..

or by adding additional LC resonators (refer to supplement-
ary material). Thus, the simulations build on the experimental
demonstration by indicating that adding additional DOF to the
electrical resonator and tuning the resonance frequencies such
that they are closely spaced can enable significant increase in
the bandwidth of the low frequency PE energy harvester at
practical excitation levels.

4. Conclusions

In summary, this work shows that multiple instability tongues
associated with degenerate and combination PRs can be
excited in an electromechanical system with MDOF. This
approach makes it possible to design and implement PR based
electromechanical devices operating over a wider range of
frequencies and operating conditions. Experiments performed
using CMUTs in immersion demonstrated that a 2-DOF capa-
citive electromechanical resonator can be driven into three dis-
tinct regions of PR. The frequency band in which the device
operates can be easily tuned by simply modifying the electrical
circuit parameters while maintaining the same mechanical res-
onator. Since the threshold for PR is primarily dependent on
the resistance in the electrical circuit, the system can be oper-
ated even in damped environments without the need for a high-
Q mechanical resonator.

Simulations performed using a 1D lumped parameter
model show that the MDOF PE capacitive energy harvester
can be utilized for broadband elastic wave energy harvesting
in the >40 kHz frequency regime. Closely spaced electrical

resonators cause the instability tongues to merge and form a
continuous region of response for energy harvesting at high
excitation levels. It is also seen that the 2-DOF PE energy har-
vester has superior bandwidth and peak output power when
compared to a 1D system using the same mechanical reson-
ator. Moreover, a DC voltage or electret to bias the capacitive
energy harvester is not required in the proposed system. Fur-
ther improvements in bandwidth can be practically achieved
by including additional electrical resonators with optimized
resonance frequencies.

Future work includes the fabrication and characterization of
the low frequency energy harvester and further investigations
to understand the parameters affecting the bandwidth and min-
imum forcing threshold levels of each of the PE modes.
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