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ABSTRACT 

This paper details how a distributed proof mass can 
be used to achieve an increased operational bandwidth in 
a low-frequency, meandering piezoelectric vibration 
energy harvester.  The fabricated device features two 
closely spaced resonant modes at 33 Hz and 43.3 Hz with 
measured RMS output powers of 107.3 μW and 74.9 μW, 
respectively, at a peak acceleration magnitude of 0.2 g.  
The output power of this system remains above 25 μW in 
the frequency band from 32.3 Hz up to 45 Hz.  The 
increased bandwidth is enabled by the unique frequency 
response characteristics of the coupled system. 
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INTRODUCTION 

Decreasing power requirements and an increasing 
need for small form-factors in integrated electronics have 
fueled the search for power alternatives to conventional 
battery-based systems.  To this end, the harvesting of 
ambient energy, including solar, wind, thermal, and 
vibration energy, is appealing due to its potential to 
supplement or even completely replace batteries and 
streamline long-lifetime applications where battery 
replacement is difficult or costly.  Energy harvesting has 
been shown as a suitable source of power for low-power 
electronics, most notably micro-power sensor nodes [1].  
Mechanical vibration energy is an abundant source of 
ambient energy, especially in and around man-made 
machines, making it a good source of energy for sensing 
and monitoring applications.  Typical sources of vibration 
energy include ventilation systems, printers, washing 
machines, and industrial equipment [2].   

The majority of vibration energy harvesting devices 
are based upon resonant systems, most commonly 
cantilever beams, operating at their fundamental natural 
frequency.  In such systems, the energy harvester 
operating bandwidth is limited by the resonator’s quality 
factor.  Due to this limitation, the energy harvester must 
be designed to resonate at the vibration source’s peak 
acceleration amplitude.  This is one of the most 
significant limitations in implementing energy harvesters 
for real-world applications, as each energy harvester must 
be tailored to a specific application’s vibration spectrum.   

Increasing the operating frequency range of vibration 
energy harvesters has been explored by some researchers, 
as summarized in [3].  Previously adopted approaches 
include resonant frequency tuning with a variable spring, 
generator arrays, multi-degree-of-freedom generators, 

amplitude limiters, non-linear springs, and bi-stable 
structures [3].  The approach we take in this paper to 
increase operating frequency is to implement a 
multi-mode energy harvester based upon a new 
meandering structure with attached distributed proof 
mass.  One of the benefits of this system is that it can take 
advantage of sensor node circuitry by using it as an 
inertial mass, while additionally increasing operating 
bandwidth.  The theory of operation, modeling, and 
experimental results are presented in this work. 

 
MOTIVATION AND OPERATING THEORY 

The energy harvester presented in this work is based 
on the low-frequency, meandering piezoelectric vibration 
energy harvester presented by the authors in [4] and 
shown in Fig. 1.  The device is a piezoelectric bimorph 
consisting of two piezoelectric layers, a central brass 
shim, and thin nickel electrodes.  The device harvests 
energy by utilizing the piezoelectric effect, which 
produces a voltage proportional to the vibration-induced 
strain.  The voltage can be rectified and stored for use in 
an attached circuit.  The purpose of the meandering shape 
is to achieve a low resonant frequency while maintaining 
a form factor smaller than that required for a typical 
straight cantilever.  The attached proof mass utilized here 
further reduces the resonant frequency and increases 
power output. 

One additional advantage of a meandering device is 
that the natural frequencies can be brought into close 
proximity with one another.  Karami and Inman [5] 
studied a “zig-zag” structure, which is similar to the 
fixed-fixed meander device depicted in Fig. 1, except the 
zig-zag structure consisted of a fixed-free meander 
design.  Using analytic models, they found that for a 
single straight cantilever beam, the ratio between the fifth 
natural frequency and the first one was 70, while for a 
zig-zag design, this ratio dropped to 10 [5].  The authors 
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Figure 1: Meandering vibration energy harvester [4]. 
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concluded that the zig-zag, and similarly meandering 
design, are well suited for broadband energy harvesting 
due to close spacing of natural frequencies. 

In the present study, we utilize the close proximity of 
vibration modes and explore using a spatially distributed 
proof mass to bring the first two natural frequencies of the 
meandering design closer together, therefore achieving an 
increased effective bandwidth.  The device is shown in 
Fig. 2.  The bimorph piezoelectric meander has a central 
mass located close to the middle of the device.  Attached 
on top of this central mass is an overhanging distributed 
mass, which can be implemented as a circuit board 
containing sensor node circuitry (e.g. integrated circuits, 
battery, antenna).  Utilizing the sensor node electronics 
and components as a proof mass can reduce overall 
system size, because these components act as the inertial 
mass.  However, care must be taken to distribute the mass 
to achieve the desired mode shapes and frequencies 
without affecting energy harvester or circuit performance. 

The vibration modes of the energy harvester were 
analyzed using the finite element analysis (FEA) package, 
ANSYS.  The first two mode shapes are shown in Fig. 3.  
The vertical (z) displacement is plotted as a contour to 
identify locations of peak displacement.  The natural 
frequencies are 42.65 Hz and 52.75 Hz for the first two 
modes, respectively.  As annotated in the figure, the 
maximum displacement in the first mode occurs in the 
proof mass at locations close to the anchor point, while 
the second mode has maximum displacement at locations 
farthest from the anchor.  The unique spring design of the 
meander is what facilitates these two modes. 

The location of the central mass and overhanging 
mass can be modified to achieve different bandwidths and 
center frequencies.  Modifying the mass placement 
changes the effective mass and spring constant for the 
different modes, which can be used as a design tool to 
create a device with given specifications.  In the particular 
design presented here, the central mass and overhang 
mass were moved slightly off-center and closer to the 
anchor to separate the resonant frequencies by a small 
amount and clearly show the resonant peaks.   

MODELING 
The modeling approach in this paper is to use finite 

element analysis to extract the energy harvester 
equivalent circuit parameters [6].  A multi-mode 
equivalent circuit for a piezoelectric transducer is shown 
in Fig. 4.  The left side of the circuit represents the 
mechanical domain, where the capacitance 1/Kn 
represents the spring constant of the device, inductance 

 represents the modal mass, and resistance Dn accounts 
for mechanical damping.  The transformer models 
electro-mechanical coupling of the piezoelectric 
transducer and the capacitor Cp represents the 
piezoelectric capacitance.  The input voltage source 
models the force of the base vibration and has a value of 
mass times acceleration (A).  Multiple branches in the left 
half of the equivalent circuit are used to model the 
vibration modes of interest, where the subscript n denotes 
the mode number.  In this work, we are concerned with 
the first two vibration modes, as shown in the equivalent 
circuit. 

 
Figure 4: Equivalent circuit model. 

 
The equivalent circuit component values can be 

derived from parameters extracted using finite element 
analysis.  The parameters required to determine the 
equivalent circuit values include: open circuit resonant 
frequency ( , ), short circuit resonant frequency ( , ), 
modal mass ( ), quality factor ( ), and piezoelectric 

Figure 2: Meandering energy harvester with overhanging 
mass.  

Figure 3: Side view of the device’s first (a) and second (b) 
mode shapes. The contours correspond to  vertical 
displacement. 
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capacitance ( ).  A modal analysis can be used to 
determine all of the parameters except , which is 
determined experimentally.  The equivalent circuit 
component values are found using the following 
equations [6]: 

 2 ,    (1) 

  ,     (2) 

 Γ    (3) 

where  is the generalized electromechanical 
coupling factor defined by: 

 , ,,     (4) 

The finite element model was built in ANSYS with 
the dimensions specified in Fig. 2 and the material 
properties in Table 1.  The parameters extracted from 
FEA and the equivalent circuit parameters are shown in 
Table 2.  The quality factor was experimentally measured 
using a ringdown test to be approximately 20.  

The equivalent circuit was built in a circuit simulator 
(PSPICE) and simulated to determine the open circuit 
voltages and resonant peaks, as shown in Fig. 5.  The peak 
output voltages from the equivalent circuit model 
simulation were 5.65 volts at 42.73 Hz and 4.71 volts at 
52.50 Hz.  These values are within a 5% error of the FEA 
results of 5.97 volts at 42.65 Hz and 4.22 volts at 52.75 
Hz.  The RMS output power was also simulated by 
connecting a load resistor (RL) to the output of the energy 
harvester equivalent circuit.  The frequency and load 
resistance were swept to determine the optimal resistance 
of 56 kΩ.  The peak power outputs were found to be 84.4 
μW at 42.49 Hz and 88.0 μW at 52.3 Hz, as shown in Fig. 
6.  At the minimum between the two peaks, the power 
output dropped to 26.2 μW. 
 
EXPERIMENTAL RESULTS 

The device was fabricated by laser-machining a 
PZT-brass-PZT bimorph from Piezo Systems (P/N: 
T226-A4-503).  Due to the existence of positive and 
negative strains present in the desired vibration modes 
[4], the PZT was selectively re-poled such that voltage 
cancellation did not occur at the first two resonant modes 
[7].  The energy harvester was mounted on an FR4 
platform using cyanoacrylate to allow attachment to the 
vibration shaker platform, as shown in Fig. 7.  The central 

mass was made of a neodymium magnet to allow easy 
prototyping and mass placement, and the overhang mass 
was machined from brass.  The device was tested by 
applying an imposed displacement vibration at the base of 
the energy harvester using a TIRA electrodynamic 
vibration shaker (TV 51120).  An acceleration magnitude 
of 0.2 g(peak) (1.96 m/s2) was applied to the base and 
measured using a MEMS accelerometer.   

The measured voltage as a function of frequency 
shown in Fig. 5 has two peaks, following the trend of the 
simulation results.  The peaks of 6.60 volts and 6.36 volts 
are at 33 Hz and 43.5 Hz.  These natural frequencies are 
lower than the FEA and equivalent circuit results.  The 
deviation may be attributed to an overestimated spring 
constant.  The FR4 and cyanoacrylate at the anchor may 
act as a series spring, reducing the effective spring 
constant and therefore resonant frequency.  The reduced 
spring constant was re-modeled in the equivalent circuit 
by reducing the spring constant Kn to 65% of the value 
extracted from FEA.  The simulated results of the 

Table 1. Device and material properties 
Piezo relative dielectric constant (εr) 1800 
Piezo {3-1} constant (d31) -190e-12 m/V 
Piezo {3-3} constant (d33) 390e-12 m/V 
Piezo density (ρp) 7900 kg/m3 
Piezo Young's modulus (E3) 52 GPa 
Piezo Young's modulus (E1) 66 GPa 
Piezo layer thickness (tp) 
Shim and Overhang Mass density (ρsh) 

0.27 mm 
8500 kg/m3 

Shim and Overhang Young’s modulus (Esh) 100 GPa 
Shim thickness (tsh) 0.13 mm 
Central mass density (ρm) 7400 kg/m3 

Table 2. FEA and equivalent circuit parameters 
Parameter  Mode 1 (n=1) Mode 2 (n=2) ,  (Hz) 41.974 52.378 ,  (Hz) 42.654 52.753 

 0.181 0.110 
 20 20 

Circuit Parameters 
 (kg) 4.03×10-3 7.81×10-3 

1/  (m/N) 3.57×10-3 1.182×10-3 
 (Ns/m) 64.28×10-3 128.5×10-3 

Γ  (N/V) 7.602×10-4 5.965×10-4 
 (nF) 63 63 

Figure 5: Measured and simulated energy harvester open 
circuit voltage amplitude. 

Figure 6: Measured and simulated output power. 
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equivalent circuit model with reduced spring constant are 
shown in Fig. 5 and Fig. 6.   

The RMS output power (Fig. 6) was measured by 
connecting a load resistor.  The optimal load resistor was 
experimentally determined to be 60 kΩ.  The maximum 
power output was 107.3 μW and 74.9 μW at 33 Hz and 
43.3 Hz, respectively.  The power output remains above 
25 μW in the frequency band from 32.3 Hz up to 45 Hz.  
These results are summarized in Table 3. 

The measured output power shows a wide bandwidth 
due to the two closely spaced peaks.  If the bandwidth is 
defined as the frequency band achieving greater than 25 
μW (i.e. not the typical 3-dB bandwidth definition), then 
the bandwidth is 12.7 Hz.  The definition of bandwidth in 
energy harvesting is partially application dependent, 
because the minimum power output of the energy 
harvester needs to be greater than the minimum required 
power for the sensor node electronics to operate.  
Therefore, if 25 μW is insufficient, the resonant peaks 
should be spaced closer together in order to reduce the 
minimum between the two peaks.   
 
CONCLUSION 

A distributed mass, low-frequency meandering 
vibration energy harvester with increased bandwidth has 
been presented in this paper.  The meandering shape in 
combination with the distributed mass has enabled a 
dual-mode energy harvester with improved bandwidth.  
The fabricated device achieved an RMS power output of 
107.3 μW and 74.9 μW at 33 Hz and 43.3 Hz, 
respectively, with an acceleration magnitude of 0.2 g(peak).  
The location of the central mass and overhanging mass 
can be adjusted to achieve the desired bandwidth and 
natural frequencies.  Future work could focus on further 
investigating the source of resonant frequency error and 
developing a design procedure for optimizing the 
structure for given specifications of vibration spectra. 
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Table 3. Summary of experimental results 
Parameter Value 
Device area 26 mm × 23 mm 
Overhang and central mass weight 9.5 grams 
Acceleration applied 0.2 g(peak) 
Peak power (mode 1) 107.3 μW (@ 33 Hz) 
Peak power (mode 2) 74.9 μW (@ 43.3 Hz) 
Minimum power between peaks 28 μW (@ 40 Hz) 

(a) 

(b) 
Figure 7: Fabricated device with distributed overhang 
mass (a) viewing from above and (b) from the side.
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