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A wide-bandwidth, meandering piezoelectric vibration energy harvester is presented for the first time
utilizing the sensor node electronics as a distributed inertial mass. The energy harvester achieves an
experimental maximum power output of 198 wW when excited with a peak acceleration of 0.2 g (where
1g is 9.8 m/s?) at 35Hz. The output power remains higher than half of the maximum power (99 uW)
for the frequency band from 34.4 to 42 Hz, achieving a half-power fractional bandwidth of 19.9%, an
increase of 4x compared to typical single-mode energy harvesters. The output power remains above

I[fiegzvgglrgzric 20 wW from 29.5 to 48 Hz, achieving a 20-uW fractional bandwidth of 48%. This is the highest reported
Vibration fractional bandwidth for this low 0.2 g acceleration level. The distributed inertial mass in combination
Energy harvesting with the meandering harvester’s close natural frequency spacing is what enables the wide bandwidth.
Wide bandwidth The energy harvester is demonstrated to autonomously operate a sensor node to sense and transmit

temperature through a 434 MHz on-off-keying wireless transmitter while the electronics are used as the
inertial distributed mass.

Increased bandwidth
Sensor node

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A primary constraint of modern day wireless sensor nodes is
the lifetime limitation imposed by the use of primary batteries [1].
Unless the battery is a secondary battery, which has an external
source of energy replenishing it, this fundamental lifetime limita-
tion will always be an obstacle, thus increasing maintenance costs
and down time due to battery replacement. To address this prob-
lem, researchers have proposed energy harvesting technologies to
extract ambient energy from the environment to recharge batter-
ies in situ or even entirely power the sensor node without the use
of a battery [2]. The relatively low power requirements of modern
sensor node circuitry makes energy harvesters a compatible and
effective source for sensor nodes. Among ambient energy sources
(solar, thermal, wind, vibration, etc.), mechanical vibration energy
has gained significant attention recently due to its abundance in
and around operating machinery, making it an effective source for
powering structural health monitoring sensor nodes [3-6].
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Vibration energy harvesters are commonly single-mode reso-
nant systems with relatively narrow bandwidth set by the quality
factor [7]. Therefore, the resonant frequency of the harvester must
be designed to closely match the ambient vibration frequency
to effectively extract energy. If the source vibration frequency
and device resonant frequency are mismatched, power output is
significantly reduced [8]. Frequency mismatch can occur due to
manufacturing tolerance (i.e. process variation), source frequency
variation, or energy harvester resonant frequency change due to
aging [9]. The issues of frequency mismatch and narrow band-
width are two of the most significant problems in vibration energy
harvesting because each device is highly application specific and
susceptible to changes in ambient conditions [7].

An important metric to characterize a vibration energy har-
vester’s tolerance to frequency deviations is fractional bandwidth
(FBW), which is defined as the bandwidth of the energy harvester
divided by its center frequency. A typical linear single-mode reso-
nant energy harvester with quality factor of 20 [8] has a FBW of 5%.
The FBW versus acceleration has been plotted in Fig. 1 for several
energy harvesting devices reported in literature [10-50]. As seen
in the figure, the fractional bandwidths range from less than 1%
up to 53%. The two devices with the highest fractional bandwidths
(53%[10] and 20% [29]) are both electromagnetic energy harvesters
that utilize nonlinear phenomena to achieve a high fractional band-
width. A drawback of the nonlinear approaches in literature is that
the base excitation level must be relatively large to achieve the large
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Fig. 1. Summary of fractional bandwidths for energy harvesters from literature.

deflections that enable bandwidth widening. For example, in [10],
the excitation acceleration was 1 g (where 1g is equal to 9.8 m/s2),
which is higher than many ambient vibration source amplitudes
[51].

In this paper, we expand on the recent increased-bandwidth
meandering energy harvester presented by the authors [52]. For the
first time, the energy harvester utilizes the sensor node electronics
as adistributed inertial mass. The sensor electronics autonomously
operate from the energy provided by the harvester. The distributed
mass in combination with the meandering energy harvester’s
unique mode shapes are exploited to increase the fractional band-
width (FBW) to 19.9%, which is a4 x increase compared with typical
single mode devices. This is believed to be the highest reported
FBW for a piezoelectric energy harvester and the highest FBW for
an energy harvester operating at 0.2 g. The results of this paper
show the potential of utilizing the electronics as a distributed mass
in order to achieve a wide bandwidth.

The target application of the proposed energy harvester and
sensor node is structural condition monitoring. Vibration envi-
ronments for this application typically have peak acceleration
magnitude at frequencies lower than 100Hz with acceleration
magnitude typically less than 0.5 g [51]. As an example, a car driven
at 65 mph has a peak vibration acceleration of about 0.15 g at 35Hz
[53] and a helicopter exhibits structural resonances at frequencies
of 20 and 40 Hz [54]. The target operating frequency of the device
in this paper is 40 Hz at an acceleration magnitude of 0.2 g.

The paper is organized as follows. Section 2.1 describes the
operating principle of the meandering energy harvester with the
distributed inertial mass. Section 2.2 uses finite element analysis to
predict the performance of the energy harvester. A wireless sensor
node circuit is presented in Section 2.3. The experimental results
are presented and discussed in Section 3 and the paper is concluded
in Section 4.

2. Design
2.1. Meandering energy harvester with circuit board inertial mass

The energy harvester used in this work is based on the low
frequency meandering piezoelectric vibration energy harvester
previously presented by the authors and shown in Fig. 2 [39]. The
device is adouble-clamped cantilevered piezoelectric bimorph that
has been meandered, or bent into a serpentine-like shape, in order
to reduced the device length. The cross section consists of a piezo-
electric bimorph beam with central brass shim, top and bottom

Material Cross Section
Top PZT
Nickel Electrodes Brass

Bottom PZT

.’/

Fig. 2. Meandering energy harvester showing material cross section.

piezoelectric layers of lead zirconate titanate (PZT), and thin nickel
electrodes. The tip mass added to the end of the device further
reduces resonant frequency while increasing power output.

The meandering energy harvester was fabricated by cutting
commercial bimorph material from Piezo Systems (T226-A4-503Y)
using a femtosecond pulsed laser [39]. Due to the meander’s unique
shape, both positive and negative strains are present in the piezo-
electric layer at the first and second vibration modes, which would
tend to cause voltage cancellation if a single electrode covered the
device, as described later in this section. Therefore to avoid voltage
cancellation, the electrodes were cut using laser ablation at strain
nodes to separate regions of positive and negative strain [55]. The
positive and negative electrode segments were connected together
using thin wires [39].

The main advantage of the meandering shape compared to a
comparably sized straight cantilever energy harvester is a 70%
reduction in resonant frequency for the device in Fig. 2. An addi-
tional advantage of the meander is that the natural frequencies
are more closely spaced, reducing first and second mode spac-
ing by 5 times compared with the straight cantilever [56]. These
results indicate that the meander is well-suited for multi-modal,
increased-bandwidth vibration energy harvesting.

The initial design for the approximate dimensions of the mean-
dering energy harvester shown in Fig. 2 was accomplished using
lumped-element modeling followed by fine tuning in finite element
analysis (FEA) software (ANSYS). The overall footprint of approxi-
mately 23 mm x 23 mm was chosen for our application. The design
procedure was to model the structure as two N-segment springs
supporting a tip mass (as shown in Fig. 2). Assuming the individual
segments of the meander act as springs and the connection points
between segments are rigid, the effective spring constant (keg) of
the device can be approximated using series and parallel spring
combinations as

2 kcantilever

kg = 2 ~condlever (1)

where Kgneilever 1S the spring constant of the individual cantilever
segment and N is the number of segments of the two springs sup-
porting the tip mass (N=5 in Fig. 2). Each section is modeled as a
cantilever beam with a spring constant of

3EI
kcann’lever = L73 (2)
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where El is the flexural rigidity of the composite bimorph and L is
the length of the beam segment. The flexural rigidity of the multi-
layer beam can be calculated by:

EI_2wthp Est3  3t2 3t 1
T3 |E8t 42 2
pOtp p p

3)

where w is the beam width, t, and t; are the piezoelectric layer and
center shim thickness, respectively, and E, and Es are the piezoelec-
tric layer and center shim elastic modulus [57]. Finally the resonant
frequency of the beam is estimated by

keﬂr keff
= =4/ -2 4
W=,/ ey M, (4)

where M; is the tip mass [58]. Note that the effective mass of the
structure could be incorporated here in addition to the tip mass
to improve model fidelity. Using these equations, a meander was
designed with N=5, L=23 mm, and w = 1.5 mm with a tip mass
of 1.92 g to achieve a resonant frequency of 55.6 Hz. The resonant
frequency of this design was found to be 49.5 Hz in ANSYS.

Unlike the previous work [39], the current study implements,
for the first time, a distributed inertial mass to push the first two
natural frequencies of the meander closer together to achieve a
much wider bandwidth. A unique added benefit of this approach
is that the distributed mass can be composed of the sensor node
electronics and circuit board, potentially leading to a more com-
pact system. A diagram of the sensor node with meandering energy
harvester and distributed mass is shown in Fig. 3. The sensor node
consists of the circuit board and components, an additional over-
hang mass, the central attachment point mass, and the meandering
energy harvester. The additional overhang mass is used if the circuit
board does not have enough mass to achieve the required resonant
frequency or output power.

The simulated first two mode shapes of the meander with dis-
tributed mass are shown in Fig. 4. The figure illustrates the peak
vertical displacement in relation to the structure at rest as well as
the strain contour at the surface of the piezoelectric. In mode A, the
structure deflects with maximum displacement at the tip of the
meander, while mode B deflects with maximum displacement at
the center meander section closest to the anchor. The overhang-
ing distributed mass and circuit board have minimal deformation
and strain due to their relatively large thickness. This is desirable
because only strain energy in the piezoelectric sections is converted
to electrical energy.

The mode shapes of Fig. 4 show that regions of both positive and
negative strain exist in the piezoelectric layer. Based on the piezo-
electric effect, the open circuit voltage generated is proportional
to strain [59]. Therefore, if regions with both positive and negative
strain were covered by a single electrode the positive and negative
voltages would cancel. To avoid the voltage cancellation issue, two
separate electrodes must be used to cover the regions of positive
and negative strain [39].

The first two modes of the meandering energy harvester with
distributed inertial mass can approximately be modeled as a two-
degree-of-freedom (2-DOF) spring-mass-dashpot system in which
the natural frequencies are found by

1 kx
fo= 5\ o (5)

where ky and my are the effective spring constant and modal mass,
respectively, and x is the subscript denoting the mode (A or B). In
Fig. 3, the central mass location is defined by the distance, L¢);, from
the central mass edge to the meander edge closest to the anchor
point. As L¢y, is increased (i.e. the central mass moves from left
to right in the side view of Fig. 3), f4 decreases while fg increases.
Accordingly, the relative frequencies of mode A and mode B can be

Table 1
Material properties and simulation parameters [62].

Piezoelectric properties

Relative dielectric constant (&,) 1800

33 Piezoelectric strain coefficient (ds3) 390 x 1012 m/V
31 Piezoelectric strain coefficient (d3;) —190 x 1012 m/V
Piezoelectric density (op) 7800 kg/m?
Elastic modulus (Y%) 5.2 x 101 N/m?
Elastic modulus (YF) 6.6 x 1019 N/m?

Piezo electric thickness (t,) 0.25mm

Shim and mass properties

Shim density (os) 8500 kg/m3
Shim elastic modulus (E;) 10 x 10'° N/m?
Center shim thickness (t;) 0.11 mm
Center mass elastic modulus (E.m) 10 x 10'° N/m?
Center mass density (pen) 5400 kg/m3
Circuit board elastic modulus (Efg4) 2 x 10'9 N/m?
Circuit board density (prrs) 2400 kg/m?3
Circuit component density (o) 850 kg/m3
Antenna density (pant) 2700 kg/m?
Other parameters

Acceleration magnitude (Apear)) 02g

Width of meander segments (Wpeqna) 1.5mm
Spacing between meander segments (wsp) 0.5 mm
Damping coefficient (¢) 0.022

shifted closer or further from each other by adjusting Lcy. In the
next section, this is verified via simulation.

One thing that should be noted is that when Ly, = 0, there is no
strain in the central two beams of the meander. This is because
when the central mass is placed closest to the anchor, there is
no inertial mass forcing the central beam sections to bend and
therefore no useful power output is extracted from these sections.
However, as the central mass moves away from the anchor (Lcy
increases) bending strain is induced in the central beam sections
and these sections produce a useful amount of power.

2.2. Finite element analysis

The finite element analysis package ANSYS [60] is used to
demonstrate the operation of the device at its first two resonant
modes and predict its performance. The energy harvester is mod-
eled in ANSYS as being connected directly to a load resistor to
extract the root mean square (RMS) output power of the energy
harvester [36]. In the simulation, the energy harvester is excited by
an imposed displacement vibration amplitude of 0.2 g by applying
a harmonic vertical displacement on the anchor point nodes of
1) = Apeat) (6)

(27f)
where Y is the imposed base displacement amplitude, A(peqy) is the
peak imposed acceleration amplitude and fis the frequency of exci-
tation [61]. The material properties and other parameters used in
simulation are shown in Table 1 [62].

The dimensions of the meandering energy harvester and
attached masses are shown in Fig. 3. The dimensions of the energy
harvester are based on the single point-mass energy harvester
shown in Fig. 2 and discussed in Section 2.1. The overhang circuit
board dimensions were determined by the number and size of com-
ponents required for the sensor node circuitry, which was found to
be 27.5 mm by 27.5 mm for the prototype circuit that is discussed
in Section 2.3. The size of the additional overhang mass beneath the
circuit board was decided by the circuit board dimensions and the
area required for the antenna ground clearance. Typically required
for small chip or printed circuit board antennas, ground clearance
refers to the area around the antenna that must be clear of metals,
such as circuit board metal or the overhang mass metal. In this case
the maximum overhang mass length is 20 mm. The thickness of the
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Fig. 3. Sensor node including meandering energy harvester with distributed circuit board mass.
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Fig. 4. Simulated mode shapes (mode A and mode B) of the first two mode shapes of the meander with overhanging mass (simulated in ANSYS).

additional mass below the circuit board was adjusted in simulation
to achieve a center frequency close to 40 Hz.

Since the dimensions of the energy harvester, mass, and circuit
board have been fixed, the last design choice is where to place the
central mass for optimal bandwidth. The placement of the central
mass can be used to set the spacing between the first and second
mode frequencies. By controlling the location of the center mass
(Lcy), the modal masses and stiffnesses of modes A and B can be
adjusted.

The location of the central mass was varied in the simulation to
predict where the mass should be placed for optimal bandwidth.
A plot of the modal frequencies extracted from ANSYS is shown in
Fig. 5 versus L¢y.. The simulation results verify that as Lgy increases,
the frequency of mode A decreases, while the frequency of mode
B increases, thus allowing control of the spacing between mode
A and mode B. The simulated RMS power across a 400 k<2 load is
shown in Fig. 6 for values of Lgy ranging from 3 to 12 mm. The
simulation results show a peak power of 251 pW at a frequency
of 32.25Hz and optimal half-power bandwidth of 5.5Hz for

¥
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Fig. 5. Simulated modal frequencies as a function of central mass placement (Lcy).
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Fig. 6. Simulated and measured RMS harvested power across a 400 k2 resistor as
a function of frequency for different values of Loy at an acceleration magnitude of
0.2g.

Ley =4 mm. The simulation results also predict that as the modes
become more closely spaced, the peak power output decreases.
These results will be compared to the measurement results and
discussed further in Section 3.2.

2.3. Sensor node circuitry

In order to test and demonstrate the concept of utilizing the sen-
sor node circuitry as an overhanging distributed mass for energy
harvesting, a wireless sensor node circuit was developed using
commercial components. The block diagram of the circuit is shown
in Fig. 7 and has a structure similar to the circuit used in[63]. The AC
voltage from the energy harvester is rectified and stored in a 47 wF
ceramic capacitor acting as an energy reservoir. A ceramic capacitor
is chosen due to the low leakage when compared to other capaci-
tor types [64]. The energy in the rectifier capacitor (Egect = CrectV2/2)
must be large enough to supply the energy during the transmit cycle
(Etx = Prxtex ), thus the minimum capacitance value is determined by
solving for Crect in Egect = Erx to get:
Crect = ZZPLCZ

Vhigh ~ Vlow

(7)

where Py is the power consumption during transmission, t¢ is the
desired transmit time, Vg, and Vj,, are the upper and lower volt-
age thresholds on the rectifier capacitor. Vg, is set to 6.1V, which
is chosen to be lower than the open circuit rectified voltage of the
energy harvester at the frequency range of interest to ensure the
energy harvester can reach the upper threshold level. V,,, is set
to 3.2V, which is slightly above the regulator output voltage. The
threshold voltages are set by a Schmitt trigger implemented with
a micro-power comparator (LTC1540). When the Schmitt trigger

detects that the capacitor voltage is above Vg, a switching regu-
lator (TPS62120) is enabled to provide a 3V supply for the sensor
interface and RF transmitter. The transmitter current consumption
is 5.7 mA based on the transmitter datasheet, thus during transmit,
the power consumption is about 34.8 mW (5.7 mA at 6.1V) [65].
The transmission time was chosen to be 10 ms to allow adequate
time to ensure the regulator and transmitter have sufficient time
to stabilize. Based on Eq. 7, the required capacitance value is 26 F,
however, the most readily available standard capacitance value was
47 pF.

The sensor implemented is a thermistor to measure tempera-
ture. The resistance of the thermistor controls the frequency of an
oscillator based on a 555 timer. The frequency of the signal at the
output of the oscillator is [63]

1.44
(Rl + 2RTherm) G '

The oscillator output signal is fed into a wireless RF transmit-
ter (MAX1472) operating at 434 MHz. The transmitter uses on-off
keying (OOK) to modulate the variable-frequency signal onto the
434 MHz RF carrier. In order to minimize the size of the sensor node
circuitry, a chip antenna (Johanson Technologies 0433AT62A0020)
is used in the transmitter at the cost of reduced efficiency due to a
relatively small ground plane.

Josc = (8)

3. Results
3.1. Stand alone circuit test

Measurements of the circuit in Fig. 7 without the energy
harvester attached were completed first to validate the circuit oper-
ation. At a rectified voltage of 6V, the circuit consumed 10.4 pW
while the linear regulator was disabled (i.e. in the harvesting stage)
and at 6.6V, during transmission, the power consumption was
37.6 mW. After initial validation, the circuit was placed in a thermal
oven to record the sensor interface output frequency as a function
of temperature. The result of the theoretical and measured values of
the sensor interface output frequency are shown in Fig. 8. The mea-
sured frequency follows the model results based on the thermistor
datasheet values with some minor deviation due to neglecting the
effect of temperature on components other than the thermistor.

3.2. Stand alone energy harvester test

A picture of the fabricated device and experimental setup are
shown in Figs. 9 and 10, respectively. The meandering energy
harvester with overhanging circuit mass was mounted on an elec-
trodynamic shaker (TIRA TV51120) with accelerometer (Crossbow
CXL04GP1Z) to measure the applied acceleration. Thin flexible
wires were attached to the circuit board to measure the voltage
supply lines and sensor interface signal during operation with min-
imal disturbance to the harvester vibration. A thermocouple (TME
Type K) was placed close to the harvester to measure the ambient
temperature around the sensor node. The receiving antenna (Linx
Tech. Inc. ANT-433-CW-RH) was placed approximately 0.4 m away
from the sensor node and the received signal was captured on a
high speed oscilloscope (Tektronix DPO7104) to view the RF signal.

The measured RMS harvested power across a 400 k<2 load resis-
tor is shown in Fig. 6 for various central mass positions. The
minimum value of Lgy that could be achieved experimentally was
3 mm due to the electrode connection wires that were soldered to
the piezoelectric layer from Lcy, =0 mm to Leyy =3 mm as described
in Section 2.1. The load resistance was swept to find an optimal
value of 400 k2 for maximum power output.

In the measurement results, the half-power bandwidth is max-
imized when L¢y; =4 mm. Higher values of Lcy, have power output
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Fig. 7. Block diagram of sensor node circuitry.

less than half-power between the two peaks. The peak output pow-
ers for Ly =4 mm were 198 wW at 35Hz and 184.9 pW at 41 Hz.
The half-power frequencies are 34.4 and 42 Hz, giving a half-power
bandwidth of 7.6 Hz and FBW of 19.9% (7.6/38.2). Thus, the FBW of
the device with overhang mass is 4x the FBW of a typical single-
mode device with FBW of 5%.

In energy harvesting, half-power bandwidth may not be the
most appropriate definition, because the sensor electronics may
be designed to operate below half-power. For example, if the sen-
sor node circuitry and application only require 20 wW of power to

80
® Measurement

S [ ]
7oL Theory (Eqgn. 8)

Frequency (kHz)

30 |-

20 -

20 40 60 80 100
Temperature (°C)

Fig. 8. Measured and theoretical sensor interface output frequency as a function of
temperature.

operate, then the bandwidth using Lcy; = 12 mm extends from 29.5
to 48 Hz, resulting in a FBW of 48%.

The measured and simulated results shown in Fig. 6 compare
well when Lgy is large and the modes are relatively far apart.
However, as the mode spacing decreases, the simulation results
show a reduced power output. This is due to the fact that ANSYS
does not correctly capture the displacement magnitude for small
Ley. Although the simulated displacement compares favorably to
the measured one for Lqyy =9 mm and 12 mm, it becomes 3 times
smaller when Ly =3 mm. The deviation between measurement
and simulation is due to unmodeled boundary and continuity
conditions in the finite element analysis, and material property
variation. Nevertheless, good qualitative agreement and physically
meaningful trends are obtained in the simulation for all cases.

3.3. Full system test

The energy harvester and circuit were tested together using the
setup shown in Fig. 10 with a Ly of 3 mm. The rectified voltage
across the storage capacitor and the regulated voltage are shown
in Fig. 11 at an energy harvester excitation frequency of 36.5 Hz.
The rectifier storage capacitor with nominal value of 47 wF had
a measured value of 38 wF. The storage capacitor voltage reaches
the Schmitt trigger upper level of 6.2V and turns on the transmit-
ter until the voltage drops to 2.8 V. The lower threshold voltage
is reduced compared to the designed value of 3.2V, due to the
large Schmitt trigger feedback resistors (several M2). The time that
the regulator is enabled is 11.5 ms. Based on these numbers, the
energy used per transmit cycle is 581 ] [O.SCREC[(Vﬁigh - V2, )and
the power consumption during the transmit on time is 50.6 mW
(581 wJ/11.5ms), which is higher than the 37.6 mW measured in
Section 3.1 due to the increased power consumption during startup.
The time between transmissions at this operating condition is
3.44 s, meaning that it takes 3.44s for the energy harvester to
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replenish the energy used during transmission. Thus, the energy
harvester harvests an average power of 169 W (581 uJ/3.44s),
whichislower than the 207 wW measured in the stand alone energy
harvester test as shown in Fig. 6 due to the loss in the rectifier and
non-optimal load.

In the circuit of Fig. 7, the time between transmission cycles
(as shown in Fig. 11) is a function of input power and therefore
also a function of frequency. The measured RMS power output
and time between transmissions is shown in Fig. 12 as a function
of energy harvester excitation frequency at Lcy; =3 mm. This plot
shows that when the energy harvester is at either one of the modal
frequencies, the time between transmissions is shortest because
the energy harvester has high power output and therefore can
charge the energy reservoir capacitor more rapidly. As the excita-
tion frequency deviates further from the peaks, the time between
transmissions increases due to the reduced power.

The measured sensor interface output data and received wire-
less signal during the wireless test are shown in Fig. 13. The received
wireless data’s on-off keying clearly aligns well with the sensor
interface output. The measured frequency of the OOK signal is
12.8 kHz. Based on interpolation from the measured sensor data in
Fig. 8, the temperature corresponding to 12.8 kHz is 25.6 °C, which
is a 2% error from the measured temperature of 25.1°C measured
by the thermocouple.

4. Conclusion

A sensor node powered by a wide bandwidth meandering vibra-
tion energy harvester with overhanging distributed mass has been
developed. The energy harvester, for the first time, utilizes the
electronics of the sensor node as a distributed inertial mass, result-
ing in a compact sensor node. The center frequency of the energy
harvester is 38.2Hz with a bandwidth of 7.6Hz at Ly =4 mm,
resulting in a fractional bandwidth of 19.9%, increasing the FBW
by 4x over typical single-mode devices. This is believed to be the
highest reported fractional bandwidth for a piezoelectric vibration
energy harvester and the highest reported fractional bandwidth
for an energy harvester operating at a low 0.2 g acceleration level.

The power remains above 20 uW from 29.5 to 48 Hz, resulting
in a 20-pW FBW of 48%. Peak output power at a vibration mag-
nitude of 0.2g for a central mass location of 4mm was found
to be 198 wW. The key developments in this work to enable an
increased bandwidth were utilizing the sensor node electronics as
an overhanging mass in combination with the meandering energy
harvester’s close spacing of natural frequencies. The entire system
was demonstrated by using the energy harvester to completely
power a 434 MHz wireless transmitter circuit to transmit temper-
ature sensor data.
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