
International Journal of Mechanical Sciences 215 (2022) 106962

Available online 24 November 2021
0020-7403/© 2021 Elsevier Ltd. All rights reserved.

Star-shaped piezoelectric mechanical energy harvesters for 
multidirectional sources 

Virgilio J. Caetano, Marcelo A. Savi * 

Department of Mechanical Engineering, Center for Nonlinear Mechanics, COPPE, Universidade Federal do Rio de Janeiro, P.O. Box 68503, Rio de Janeiro 21941-972, 
Brazil   

A R T I C L E  I N F O   

Keywords: 
Energy harvesting 
Multimodal harvester 
Multidirectional harvester 
Piezoelectric 
Finite element analysis 
ANSYS 

A B S T R A C T   

This work deals with multidirectional and multimodal piezoelectric mechanical energy harvesters, proposing a 
star-shaped device composed by a tri-leg L-shaped structure with piezoelectric patches at six locations. Inertial 
pendular masses are strategically attached to the structure to harvest energy due to three-direction excitation 
sources. The device is modeled using finite element method and simulations are carried out to optimize the 
system design to operate in the required frequency range. System performance is investigated considering 
different ambient conditions including random excitations that represent the unavoidable source uncertainties. 
Results for in-plane and out-of-plane excitations show that the proposed device has potential to extract energy 
from multidirectional sources with a wideband frequency spectrum, serving as an alternative to conventional 
single-mode harvester with unidirectional sensitivity.   

1. Introduction 

Electronic devices have been continuously evolving in recent de
cades, with a continuous need of energy. Some applications employ 
wireless microelectronics that require their own power supply. Internet 
of things is an emblematic example where energy needs to be provided 
for isolated areas. Nevertheless, there are several other applications 
related to aerospace technology and oil & gas industry. All these aspects 
motivate the harness of available ambient energy that, otherwise, would 
be wasted. 

Piezoelectric energy harvesting from ambient sources, especially 
mechanical vibration-based ones, has gathered considerable focus as a 
promising solution to portable self-powered electronic devices due to 
their structural simplicity, compatibility, and high conversion capacity. 
The most common vibration-based energy harvester configurations are 
the piezoelectric beams [14,20,21,26]. Several works based on canti
lever beam models have been numerically investigated and experi
mentally tested through piezoelectric linear devices [3–7]. These 
devices are modeled as linear mechanical oscillators connected to an 
electronic circuit through a piezoelectric electromechanical coupling. 
Results show that these devices present interesting behavior under 
resonant conditions, losing performance when the excitation frequency 
is distributed over a broader range. Despite the advantages of simplicity 

and high-power density, linear harvesters have the drawback of narrow 
bandwidth and unidirectional sensitivity, being suitable for stationary 
excitations with narrowband near natural frequency. These aspects may 
limit the use of energy harvesters to applications where the ambient 
excitation is distributed across a wide spectrum and various directions. 

These drawbacks encouraged a variety of strategies to broaden the 
bandwidth and enhance the performance of the linear energy harvesters, 
incorporating nonlinearities, active or passive adaptative frequency- 
tuning methods, oscillator arrays, multimodal systems, among others 
[31,42]. 

One possible approach to widen the frequency bandwidth of the 
harvesters consists of using multiple-degrees-of-freedom (MDoF) sys
tems, including an array of structures or coupled oscillators, as discussed 
in Kim et al. [15], Tang and Yang [29] and Wu et al. [35]. A simple 
concept is to integrate multiple cantilever beams with tip masses, 
modeled as single-degree-of-freedom (SDoF) oscillators with different 
natural frequencies, increasing the effective operating frequency range 
[11,23,25]. This approach is usually related to the increase of either the 
energy harvester size or the electric circuit complexity. Multimodal 
energy harvesters constitute an interesting alternative where different 
oscillators can be coupled together, producing a wider frequency 
bandwidth. 

Several works have been done proposing devices that improve the 
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system performance concerning the generated energy and broader 
bandwidth. Systems with two-degrees-of-freedom [15,28,29,30,37] and 
three-degree-of-freedom [17,18,32] have been designed in order to 
present close resonant peaks, expanding the operational frequency 
range. These harvesters exploit geometrical and mechanical character
istics including inertial, elastic, and magnetic coupling to carefully tune 
resonant frequencies, expanding the frequency bandwidth. 

The nonlinear exploitation is another strategy to enhance the energy 
harvesting performance [19,[23,24],38]. Magnetic interaction is a 
common technique employed in piezoelectric energy harvesters (PEH), 
defining different stability properties as bistable and tristable systems 
[12]. Erturk et al. [4–8] investigated nonlinear piezo-magneto-elastic 
energy harvesters that exhibit vibration of low and high-energy orbits 
showing significant improvement with respect to the bandwidth and the 
performance over traditional linear piezo-elastic energy harvester. 
Instead of employing fixed external magnets, some studies are focused 

on adjustable or movable magnets to further enhance the system per
formance [16,34]. Multistable energy harvesters [41], including tri
stable [22,33] and quad-stable [39,40] systems, have been investigated 
as alternatives to reduce the potential barrier of bistable systems, 
benefiting energy harvesting associated with low-amplitude excitation 
conditions keeping the broadband capability. 

Although MDoF nonlinear systems expand the energy harvester 
operational bandwidth, most of them are still associated with unidi
rectional behavior, usually suitable for operating under transverse vi
bration direction. Real-world applications are associated with ambient 
mechanical vibration spread over a wider frequency spectrum that 
comes from various directions, such as ocean waves, wind, and human 
motion. In this regard, it is noticeable that few scientific efforts have 
been carried out to treat energy harvester subjected to multidirectional 
and broad bandwidth excitations [9,10,13,27,36]. Su and Zu [27] pro
posed a PEH system composed of three sub-systems that utilize magnets 

Fig. 1. Schematic picture of the multidirectional star-shaped (MSS) energy harvester: (a) frontal view; (b) device under acceleration in x-axis direction; (c) device 
under acceleration y-axis direction; (d) device under acceleration z-axis direction; (e) dimensions of one L-shaped leg. 

Fig. 2. Frontal and lateral view of MSS energy harvesting device with dimensions in mm, showing the parameters used in the optimization procedure.  
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to introduce nonlinear force, coupled to permit the extraction of vibra
tion energy from three directions and over a broad bandwidth. Yu et al 
[36] investigated the vibro-impact mechanism between a spiral cylin
drical spring system and multi-piezoelectric-beams to harness energy 
from three-directional vibration excitations. These harvesters present a 
broadband spectrum that is related to nonlinearities characterized by a 
region with the coexistence of low and high-energy orbits. Nevertheless, 
the bandwidth gain assumes that the system operates associated with 
high-energy orbits that would require a controller to maintain the effi
ciency of the harvester operation. Fattahi and Mirdamadi [9,10] pro
posed a novel 3D skeletal frame energy harvester for multidirectional 
excitation that explores structure asymmetries to solve the shortcoming 
of multimodality, obtaining wider bandwidth. Another interesting 
approach is proposed by Hung et al. [13] that employed an inertial 
pendular mass to convert three-axis vibration energy into electricity 
using four piezoelectric beams. Although the harvester provides multi
directional sensitivity, being interesting for extracting energy from 
different direction excitations, the system presents narrow frequency 
bandwidth characterized by a single mode which would lose perfor
mance for wideband excitations. 

Based on these aspects, it is relevant to develop novel energy 
harvester designs that can offer better performance concerning multi
modal and multidirection excitations. This work deals with the devel
opment of a novel design configuration for multidirectional and 
multimodal piezoelectric mechanical energy harvesting device. The 
harvester conception and optimization is investigated, proposing a star- 
shaped (MSS) device composed of a tri-leg structure with inertial 
pendular masses strategically positioned in the structure to extract 

energy from three-directions. An optimization procedure based on finite 
element analysis is developed using ANSYS software, allowing one to 
adjust multiple resonant frequencies within a desired operational fre
quency range and establishing suitable performance conditions of the 
system under different ambient vibration sources. Modal and harmonic 
analyses are carried out to determine configuration in which the system 
presents better performance regarding broad bandwidth and generated 
output power. Random excitations are investigated to represent the 
unavoidable mechanical vibration source uncertainties. Results show 
that the proposed configuration is capable of harvesting energy from 
multidirectional excitation presenting advantages in terms of broadband 
spectrum compared with conventional linear cantilever beam device. 

After this introduction, the paper is organized as follows. Section 2 
proposes a multidirectional and multimodal piezoelectric energy har
vesting device based on a star-shaped geometry that utilizes inertial 
pendular masses to allow a multidirectional and broad frequency range 
behavior. Section 3 presents the mathematical formulation of the finite 
element analysis for coupled-field piezoelectric problems, including a 
finite element-based optimization procedure to optimize a multimodal 
device to set the resonant frequencies in a desired frequency range with 
close enough resonant peaks in order to extract energy from a wideband 
spectrum. Section 4 is reserved to the design concept evolution. A 
comparative analysis with a conventional cantilever beam device is 
performed to establish the key characteristics of the proposed MSS de
vice. Subsequently, in Section 5, the optimization of the proposed MSS 
configuration based on geometrical and electrical parameters of the 
system are carried out. The performance of the energy harvester is 
investigated considering time history responses to establish the advan
tage of the system in terms of energy generation from wideband exci
tations in multiple directions. Random excitations are also investigated. 
Finally, concluding remarks are discussed. 

2. Design configuration 

A typical linear vibration energy harvester usually presents some 
limitations such as unidirectional behavior and narrow operational 
bandwidth, regardless of the structure and transduction materials. 
Therefore, multimodal energy harvesters constitute an interesting 
alternative to increase the operational frequency range by establishing 
multiple resonant peaks. This work proposes a multimodal, multidirec
tional star-shaped (MSS) energy harvester device with attached inertial 
pendular masses (Fig. 1). The goal is to propose, design, and optimize 
the MSS device to extract energy from wideband ambient vibration in 

Fig. 3. Isometric view of the cantilever-beam (left-side) and the original MSS (right-side) energy harvesting devices.  

Table 1 
Geometric dimensions and material properties of the MSS energy harvester.  

Parameter Substrate Piezoelectric Tip 
Mass 

Material Aluminum MFC0714-P2 Steel 
Density (kg/m3) 2700 5440 7850 
Elastic modulus (GPa) 69 30.336 200 
Poisson ratio 0.33 0.3 0.3 
Length (mm) × width (mm) ×

thickness (mm) 
64  × 8  × 1 7  × 14  × 0.3 – 

Piezoelectric constant: e31 (C/m2) – − 5.16 – 
Relative permittivity – 1900 – 
Permittivity constant (pF/m) – 8.854 – 
Modal damping ratio ξ = 0.02    
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three-axis directions. The energy harvester is composed by a substrate, 
six piezoelectric patches and four inertial pendular masses. The original, 
pre-optimized configuration consists of three L-shaped legs arranged in 
120 degrees from each other and connected through one of its ends. 
Each L-shaped leg has two piezoelectric patches and one of its ends is 
attached to a base support that provides the excitation source. Four in
ertial pendular masses are strategically connected to the substrate as 
showed in Fig. 1a. 

The harvester is subjected to either in-plane or out-of-plane vibra
tion. Fig. 1b–d present the main characteristics of the excitation effects. 
Note that excitation applied in the x-axis direction, Fig. 1b, or y-axis 
direction, Fig. 1c, makes the pendular masses rotate, promoting defor
mation of the structure and producing voltage outputs due to the 
piezoelectric effect. The out-of-plane vibration in the z-axis direction is 
the usual case, also causing the structure deformation, Fig. 1d. 

Multimodal systems present frequency response curves character
ized by valleys between resonant peaks, related to unavoidable anti
resonant phenomenon, responsible for performance decay in the overall 

spectrum. The system design needs to mitigate this effect by establishing 
close resonant peaks, allowing the increase of the harnessing energy 
efficiently. Another aspect usually employed in the design of energy 
harvesting systems is the use of tip mass that can provide versatility in 
tuning the resonant frequencies by carefully changing its weight. In this 
regard, the inertial pendular masses can be used to provide both 
multidirectional sensitivity and versatility in tuning the resonant fre
quencies. In addition, an inertial pendular mass causes higher amplitude 
oscillations, increasing the strain level on the piezoelectric element and 
consequently, increasing the generated output power. 

The MSS design system performance is compared with a conven
tional cantilever beam device, showing that the novel design constitutes 
an evolution toward the goal of broadband and multidirectional energy 
extraction. 

3. Mathematical formulation 

Finite element analysis (FEA) is a powerful tool to solve coupled-field 
problems. Piezoelectric analysis involves bidirectional coupling be
tween structural and electrical fields, respectively represented by a 
displacement vector, {u}, and an electrical potential, ϕ. Linear piezo
electric theory can be described by considering Tij as the stress tensor, Skl 
as the strain tensor; Ek as the electric field vector and Di as the electrical 
displacement vector. Therefore, the constitutive equations can be writ
ten as follows using indicial notation: 

Tij = bEijklSkl − ekijEk
Di = eiklSkl + εSikEk

(1)  

where bE
ijkl is the fourth order elastic tensor, εS

ij is the dielectric second 
order tensor and eikl is the third order piezoelectric tensor. The super
scripts E and S denote that parameters are evaluated, respectively, at 
constant electric field and constant stress. After the finite element dis
cretization and application of the variational principle [1], interpolation 
functions are used to express the continuous displacement and potential 
in terms of nodal values, resulting in the equation of motion for a single 
electromechanical element: 
[
[m] [0]
[0] [0]

]{
{ü}
{φ̈}

}

+

[
[c] [0]
[0] − [cd

]

]{
{u̇}
{φ̇}

}

+

[
[k] [kc]
[kc]t −

[
kd
]

]{
{u}
{φ}

}

=

{
{f}
{q}

}

(2)  

where [m] is the inertia matrix, [c] is the structural damping matrix, [cd] 
is the dielectric damping matrix, [k] is the stiffness matrix; [kd] is the 
permittivity matrix; [kc] is the piezoelectric coupling matrix where the 
subscript []t indicates the transpose matrix; {f} is the force vector and 
{q} is the electric charge. Details about development of the electrome
chanical equations of motion based on finite element analysis can be 
found in Allik and Hughes [1]. By performing a simple nodal addition of 
element contributions, the equation of motion for a linear structural 
system with piezoelectric coupling can be rewritten in the compact 
form. 

[M]{ü} + [C]{u̇} + [K]{u} = {F} (3)  

where [M] is the inertial, [C] is the damping and [K] is the stiffness 
matrices; {F} is the load vector. 

The energy harvesters are composed of three structures: substrate, 
piezoelectric patch and proof mass. ANSYS workbench is employed for 
numerical simulations and three-dimensional structural elements are 
employed. Specifically, SOLID186 is employed to model the substrate 
that is a higher-order 20-nodes element that exhibits quadratic 
displacement behavior, having three translational degrees-of-freedom 
per node in the x-, y- and z-directions. Element SOLID226 is employed 
to model the piezoelectric patches, being similar to the previous one but 
presenting an additional degree-of-freedom of electric potential for each 
node. The piezoelectric material uses the d31 sensing mode to convert 

Fig. 4. Schematic representation of the cantilever-type harvester highlighting 
the electrode and ground (not visible) surfaces of piezoelectric material; and the 
base surface where the excitation is applied. 
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bending strain into electric potential. The pendular masses are assumed 
to be rigid bodies and modeled as point mass elements (MASS21) having 
three translational DoFs. The electronic circuit is represented by an 
electric load resistance using element CIRCU94. 

Three different types of analysis are developed: modal, harmonic and 
transient analyses. Modal analysis furnishes the harvester natural fre
quencies and mode shapes, which are important to determine the fre
quency range analysis. The harmonic analysis provides the steady-state 
system response due to a sinusoidal excitation, allowing the coupling of 
an electric circuit to the piezoelectric patches, which is important to 
evaluate the generated output power. Finally, transient analysis solves 
the initial value problem providing the system response for different 
vibration-based operational conditions. 

3.1. Optimization procedure 

This section presents an optimization procedure for the MSS piezo
electric harvester based on the idea of converting energy from multidi
rectional ambient vibration sources with a broadband spectrum. The 
objective is the design of the multimodal harvester by setting as many 
resonant frequencies as possible in a desired operational frequency 
range, mitigating the valleys between resonant peaks and maximizing 
the generated output power without losing the multidirectional sensi
tivity characteristic. This is accomplished by minimizing the gap be
tween consecutive natural frequencies and maximizing the area under 
the output power spectrum, which provides wider bandwidth and more 
generated energy by unit of frequency in the desired domain. 

The operational frequency range of the harvester is defined by a 
lower limit, ωL, and an upper limit, ωU. The optimization considers that p 
resonant frequencies lay in this desired operational frequency range. 
The optimization problem is defined as follows by considering a generic 
frequency ωj (j = 1, …, p) within this interval. 

min
ω
fj(ω)

subject to gωk ≤ 0
(4) 

The objective functions fj(ω) are defined as follows, 

f1 = ω1 − ωL
fj = ωj − ωj− 1(j = 2,…, p − 1)
fp = ωp − ωU

fp+1 = −

∫ωf

ω0

P(ω)dω
(5)  

where P(ω) is the output power. Note that the last objective function is 
related to the area under the output power frequency spectrum that 
needs to be maximized. 

The constraints are defined considering a minimal value of variation 
from consecutive frequencies, ωg, being written as follows 

gωk = ωg − fj ≤ 0 (k= 1,… , p − 1). (6) 

The optimization procedure is constructed by establishing mechan
ical and geometric parameters to tune the resonant frequencies, reach
ing the proposed optimization objectives. It is expected that an increase 
of the size of L-shaped beams and the weight of pendular masses causes a 
decrease of the resonant frequencies. Moreover, the length and diameter 
of pendular masses play an important hole on the harvester multidi
rectional characteristic. Therefore, resonant frequencies are written as a 
function of the following parameters: angle between L-shaped beams 
(θ), diameters (D0,D1,D2,D3) and length (L0,L1,L2,L3) of pendular masses, 
as showed in Fig. 2. In addition, a range for each one of these parameters 
is defined by lower and upper bound values as follows. 

ωi = ωi(θ,Dl, Ll), (l = 0,⋯, 3) (i = 1,⋯, 10)
subject to the constraints :

θL ≤ θ ≤ θU
DL ≤ Dl ≤ DU

(7) 

The optimization process employs the Goal-Driven Optimization 
(GDO) method based on the Response Surface Optimization (RSO), 
which can be divided into three main components: Design of Experi
ments (DOE), Response Surface and Optimization. ANSYS software is 
employed to perform optimization and Details of the procedure is pre
sented in the sequel [2]. 

Initially, the model is established by defining geometry and material 
properties. Afterward, the optimization parameters θ, Dl,Ll (l = 0, …, 3) 
are set as input parameters that have their ranges defined by upper and 
lower bound values, which determine the design space. Output param
eters are used to define optimization objectives and constraints to ach
ieve the design goals. The natural frequencies and the area under the 

Fig. 5. The cantilever beam and original MSS energy harvesting devices with resistance load, representing the electric circuit, coupled to piezoelectric elements.  
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output power curve are then set as output parameters. 
In the first stage of the optimization process, the DOE is used to 

generate a set of sampling points (design points) that provide discrete 
results for output parameters in the design space domain. In the second 
stage, this DOE data is used to fit response surface curves where 
approximated values of output parameters are represented in terms of 
input parameters in the design domain. Subsequently, data can be 
transferred to the Optimization component of GDO method, which is a 
constrained, multi-objective optimization technique to achieve the best 
designs from a sample set given the objectives and constraints set for 
parameters. The Multi-Objective Genetic Algorithm (MOGA) is adopted 
to establish the most suitable candidate points for the optimization 
problem. 

Since a multi-objective problem is solved, the solution is given by a 
Pareto’s frontier, especially where some (or all) of the objectives and 
constraints are mutually conflicting. In such a case, there is no single 
point solution that achieves all objectives and restrictions. Instead, the 
best solutions, denominated as Pareto set, are a group of solutions that 
optimizes the system according to the objectives and restrictions. 

The decision process to determine the most suitable Pareto solution 
from a sample set is a goal-based and weighted ranking technique. Given 

N input parameters, M output parameters, and their individual targets, 
the objectives are described as a single, weighted cost function given by: 

ϕ ≡
∑N

i=1
wiGi +

∑M

j=1
wjQj (8)  

wherewi are the weights; Gi are normalized objectives for input pa
rameters; Qj are normalized objectives for output parameters.The 
normalized objectives metrics can be written as follows: 

Gi =

(
|xt − x|
xU − xL

)

i

Qj =

(
|yt − y|
yU − yL

)

j

(9)  

where x is the current value for input parameter i; y is the current value 
for output parameter j; xt and yt correspond to the defined target values; 
xL and xU are the lower and upper values, respectively, for input 
parameter i; yL and yU corresponding to lower and upper bounds, 
respectively, for output parameter j. 

The cost function considers the importance of objectives and con

Fig. 6. Modal analysis presenting the first nine natural frequencies and mode shapes of the original MSS harvester showing elastic strain distribution for each 
vibrational mode. 
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straints by assigning weight, which are defined as follows: 

wi = wj =

⎧
⎪⎪⎨

⎪⎪⎩

1.000, if the importance is Higher

0.666, if the importance is Default

0.333, if the importance is Lower.

(10) 

The decision process sorts the sample set in ascending order using the 
cost function φ to extract the best candidate points. Since metrics are 

normalized, the lower the value of φ, the better is the design point with 
respect to the target objectives and importance. Three best candidate 
points are selected and, since the optimization procedure is based on the 
surface response that provides approximate values, the model under 
investigation is solved for these three candidate points as a verification 
analysis. Then, the most suitable candidate design is established. 

Once the optimized geometry of the system is acquired, the second 
stage of the optimization procedure obtains the optimal value of resis
tance load, which represents the electric storage circuit. Harmonic 
analysis is employed to obtain the steady-state response of the system. 
The value of resistance load is set as an input parameter and the peak 
output power as an output parameter. This optimization problem is 
constructed based in a single-objective function as follows. 

Fig. 7. Comparative analysis of PD frequency response curves for the beam and original MSS devices under 1 g amplitude excitation in (a) x-axis, (b) y-axis, and (c) z- 
axis directions; (d) combination of x-, y- and z-axis excitation. 

Fig. 8. Output power frequency spectrum for the original MSS and cantilever 
beam harvester under an excitation in the x-, y- and z-axis directions high
lighting the area under the curve metric utilized in the optimization procedure. 

Table 2 
Geometric dimensions of the best candidate design and resonant frequencies of 
MSS energy harvesting device.  

Parameter Symbol Value Parameter Symbol Value 

Angle (◦) θ 58 Resonant 
Frequency (Hz) 

RF1 122 
L0 6 RF2 133 

Rod Length (mm) L1 11 RF3 142 
L2 11 RF4 202 
L3 11 RF5 244 

Pendular Mass 
Diameter (mm) 

D0 13 RF6 263 
D1 10 RF7 311 
D2 9 RF8 339 
D3 8 RF9 368  
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max
R

P(R)
subject to the constraint :

RL ≤ R ≤ RU
(11)  

where P is the peak output power taken from the frequency response 
curve; R is the value of resistance load; RL and RU are lower and upper 
bound values for the resistance load. 

4. Original design concept 

In this section, the proposed multidirectional energy harvester 
design concept is investigated considering the original design, without 
optimization. A comparative analysis is performed considering the 
classical cantilever beam as a performance reference to explore the 
design concept evolution toward the goal of harness energy from a 
wideband spectrum from multidirectional excitations. 

The conventional energy harvester showed in Fig. 3 is composed of a 
two-layer sandwich structure with one piezoelectric material (MFC 
2814-P2) bonded to a substrate elastic beam of dimensions: 60 × 14 × 1 
mm. A tip mass of 2.2 g is placed at the beams’ tip to adjustment of 
resonant frequencies. This device is designed to operate under resonant 
conditions usually near the first vibrational mode, being suitable for 
energy harvesting for ambient excitations in its transversal (z-axis) 
direction. 

The original MSS device (Fig. 3) consists of a two-layer sandwich 
structure, composed of a three L-shaped substrate, six piezoelectric 
patches, and four pendular masses. The substrate and the inertial 
pendular masses are made of aluminum and steel alloys, respectively. 
The macro fiber composite (MFC) material of type MFC0714-P2 oper
ates under d31 piezoelectric mode, being used to convert the ambient 
vibration into electric potential. Table 1 shows geometric dimensions 
and material properties. The device multimodal characteristic is 
explored to provide close resonant peaks expanding the operational 
frequency bandwidth of the system. Additionally, the use of pendular 
masses allows energy harvesting from multidirectional ambient vibra
tions, constituting an advantage compared with conventional beam 
harvesters. 

Ambient vibration is transferred to the harvester through a base 
support with clamped end condition. The base support is modeled by 
coupling the nodes in the surface located at one substrate ends (Fig. 3). 
In order to provide uniform electric potentials, the electrodes of 

Fig. 9. Comparison of (a) the conventional cantilever beam, (b) the original MSS and the optimized configuration of the MSS energy harvesters.  

Fig. 10. Peak output power curve as a function of resistance load of each 
resistor element for the MSS harvester obtained under a base excitation of 1.0 g 
amplitude acceleration. 

Fig. 11. Comparative analysis between the cantilever beam, the original and 
optimized MSS devices in terms of the area under the output power curve 
highlighting two regions with a broadband spectrum. 
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piezoelectric elements are emulated by coupling the voltage DoFs on the 
top and bottom surfaces. The bottom electrode is grounded by assigning 
a null value and, consequently, the measured electric potential on the 
top electrode corresponds to the generated electric potential. Fig. 4 
shows schematically these applied boundary conditions for the canti
lever beam device. 

A mesh convergence is carried out by evaluating the skewness and 
quality factor metrics, and the difference between results of natural 
frequencies. The mesh is constructed having three elements in thickness 

for each layer of the substrate and piezoelectric patch, providing a total 
of 2000 elements for the cantilever-beam and and 30,000 elements for 
the MSS device, as presented in Fig. 5, that also shows the electronic 
circuit represented by an electric load resistance. 

Initially, a modal analysis is performed to obtain the natural fre
quencies and mode shapes of the system. A modal damping ratio equal 
to 2% is adopted. Fig. 6 shows the resonant frequency and relative 
values of strain distribution for the first nine vibrational modes, which 
are lined in a frequency range between 100 and 360 Hz. Based on the 

Fig. 12. Schematic representation of (a) cantilever beam, (b) USS and (c) MSS energy harvester.  

Fig. 13. Frequency response curves of power density under 1 g amplitude excitation in (a) x-axis, (b) y-axis, and (c) z-axis directions; (d) combination of x-, y- and z- 
axis excitation. 
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strain distribution, the third mode is the most interesting, followed by 
the first and second modes, due to higher deformation intensity and, 
consequently, a bigger capacity to convert electrical potential from the 
piezoelectric patches. Moreover, the fourth, fifth, and sixth modes pre
sent areas with some level of deformation intensity, which could be 
explored to be converted into electricity. The remaining vibrational 
modes have less interest since lower intensity is spread in the piezo
electric areas. 

The original MSS energy harvester is now investigated under har
monic excitation, considering multidirectional vibration sources. Har
monic analyses are carried out considering a sinusoidal base excitation 
with u0 = a0/Ω2 displacement amplitude applied at nodes of the base 
support using a0 = 1.0 g (≈ 9.81 m/s2) within a frequency range 70 Hz 
≤ Ω ≤ 550 Hz. Different directions are adopted providing the same 

energy input for each excitation condition: u0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2

x + u2
y + u2

z

√
. Fig. 7 

presents the power density considering in-plane (ux = u0 or uy = u0), out- 
of-plane (uz = u0) and combined (ux = uy = uz = u0

̅̅̅
3

√
) vibrations. 

Fig. 14. Comparative analysis of (a) frequency bandwidth (δ) and (b) area under PD curve (A) between the optimized MSS, USS, and cantilever-beam devices.  

Fig. 15. (a) Histogram of random-frequency excitation presenting Gaussian distribution with a mean value of 130 Hz and standard-deviation of σ = 4, (b) time- 
history signal of random-frequency excitation with amplitude of u0 = 14.48 μm. 

Table 3 
Values of amplitude parameters used to construct the multidirectional time- 
history excitation.  

Excitation direction Parameters 

First region: z-axis αx = 0.0 αy = 0.0 αz = 1.0 
Second region: xy-axis αx = 1/

̅̅̅
2

√
αy = 1/

̅̅̅
2

√ αz = 0.0 

Third region: xyz-axis αx = 1/
̅̅̅
3

√
αy = 1/

̅̅̅
3

√
αz = 1/

̅̅̅
3

√

Fig. 16. Time-history response of RMS PD for a multi-direction random-fre
quency excitation with Ω = 130 Hz and σ = 4 Hz; comparative analysis for the 
beam, USS, and MSS devices. 
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The system response subjected to an out-of-plane excitation in the z- 
axis direction is showed in Fig. 7c. The MSS device has the first vibration 
mode as the predominant one, presenting close peak values of output 
power compared with the beam device. Valleys are observed between 
resonant peaks which constitute regions in the frequency spectrum that 
causes a decrease in the levels of energy harvested. Although this is 
unavoidable in multimodal systems, the mitigation of these valleys is of 
special interest in the design of multimodal harvesters. The cantilever- 
type harvester presents better performance for out-of-plane vibration, 
operating in its first bending mode (Fig. 7c). The power density response 
curves for in-plane vibration in the x-axis (Fig. 7a) and the y-axis di
rections (Fig. 7b) are presented. Higher-order vibration modes become 
predominant compared with the fundamental mode, presenting im
provements regarding the beam device. Lower levels of energy are 
converted by the beam device for y-axis excitations since the second 
bending mode is predominant (Fig. 7b) while almost nothing is collected 
through x-axis direction since a torsional vibrational mode is achieved 
(Fig. 7a). The power density spectrum for the systems subjected by a 
combined in-plane and out-of-plane vibration excitation (Fig. 7d) shows 
that the original MSS energy harvester has an enhanced performance in 
the entire spectrum for multidirectional excitation. 

The MSS piezoelectric device shows potential to harness energy from 
a multidirectional vibration source, serving as an alternative to the 
unidirectional sensitivity limitation of conventional single-mode energy 
harvester devices. The MSS device presents a wider bandwidth 
compared to the conventional beam device, however, its resonant peak 
lays in a valley region of the MSS device, as shown in Fig. 7d, which 
constitutes a drawback. Therefore, further design improvements can be 
performed to extract energy in a broader frequency spectrum. On this 
basis, an optimization procedure is employed in the proposed MSS en
ergy harvester design seeking adjusting configurations based on reso
nant peaks, frequency bandwidth, and output power. 

5. Optimized energy harvesting system 

This section aims to investigate the optimized MSS device under base 
excitation in different directions representing diverse conditions of 
ambient vibrations. The goal is to optimize the harvester based on 
geometrical and electrical parameters to further improved the system 
harness capability, establishing the advantages in terms of multidirec
tional and wideband energy extraction. The system responses are tested 
considering harmonic and random excitations. 

5.1. Optimization procedure 

The optimization of the MSS harvester is based on the procedure 
presented in Section 3.1, considering a design space defined by setting 
the following upper and lower bound values for each input parameter: 
50 ◦ ≤ θ ≤ 140 ◦, 6 ≤ L0 ≤ 12 mm, 9 ≤ L1 ≤ 12 mm, L2 = L3 = L1, 10 ≤
D0 ≤ 14 mm, 4 ≤ D1 ≤ 10 mm, 8 ≤ D2 ≤ 11 mm and 6 ≤ D3 ≤ 9 mm, 
subject to the restriction, ωg = 10 Hz. The natural frequencies from 
modal analysis and the area under the output power curve from har
monic analyses are set as output parameters. Two goals are pursued in 
the optimization: design the resonant frequencies of the harvester to be 
spread over the frequency range of 100–500 Hz, while minimizing the 
gap between successive frequencies; and maximize the area under the 
output power frequency spectrum. Fig. 8 illustrate this idea by 
comparing the output power spectrum of the MSS device with the 
cantilever beam. 

Based on results presented in Fig. 7, the following boundaries are 
assumed: the first, second and third natural frequencies to line in the 
range of 100–200 Hz; the fourth, fifth and sixth natural frequencies to 
line in the range of 200–500 Hz; the remaining three natural frequencies 
to line in the range of 300–500 Hz. Additionally, a target value of 131 Hz 
is set for the second mode, which is the resonant frequency of the 
cantilever beam device. 

The best candidate point obtained from the RSO procedure is pro
vided in Table 2 together with the nine resonant frequencies. Note that 
all resonant frequencies line in the desired frequency range. The opti
mized geometry of MSS device is showed in Fig. 9 together with original 
MSS and beam devices for comparison proposes. 

The second part of the optimization procedure is the determination 
of the optimal resistance load of the electric circuit. Harmonic analyses 
are carried out for a base excitation of 1.0 g amplitude acceleration for 
different values of load resistance to establish the optimal value in terms 
of maximum output power. Therefore, the peak output power is taken 
from the frequency spectrum curve for a specific resistance load value. 
Fig. 10 shows the peak output power as a function of resistance load for 
each resistor element in the range of 10 kΩ–10 MΩ. The optimal resis
tance load value is determined as 200 kΩ for both original and optimized 
MSS harvesters, being used for all simulations. On the other hand, the 
optimal resistance load for the beam device is 50 kΩ [2]. 

The effectiveness of the optimization procedure is established by 
considering the energy harvester devices subjected to time series anal
ysis. Initially, harmonic excitation is of concern building the system 
response curve for the range of 70–550 Hz, using a base acceleration of 
1.0 g amplitude. Fig. 11 shows a comparative analysis of the generated 
output power spectrum between the cantilever beam and the proposed 
device, including the MSS original and optimized designs. Two fre
quency regions are highlighted for lower and higher frequencies. The 
MSS devices present multiples resonant peaks establishing an advantage 
compared with cantilever beam device that has only one peak in the 
desired frequency range. The beam device peak is located around 131 Hz 
which is a region where the MSS original device has a valley and 
consequently, the beam presents better performance. This limitation is 
overcome for the optimized design that presents a broader bandwidth 
establishing three resonant peaks in the first frequency region. More
over, five resonant peaks relatively close are obtained in the second 
frequency range (180–370 Hz) that also allows energy extraction in 
higher-order frequencies. 

5.2. Comparative performance analysis 

In this section, the optimized MSS device is investigated considering 
three-dimensional base excitation representing diverse ambient vibra
tion condition. A comparative analysis is performed for three devices 
(Fig. 12): the cantilever beam, considered to be a reference case; a 
unidirectional star-shaped device, without pendular masses (USS); and 
multidirectional star-shaped device, with pendular masses (MSS). In this 
regard, the USS device replaces the pendular masses by equally 
weighted tip masses coupled to the substrate surface, presenting only 
unidirectional sensitive characteristics. 

The output power is not the best metric to compare performance on 
energy harvesters with different architecture, size, and operation modes. 
The power density (PD) is a common performance metric used for en
ergy harvester comparison, which is defined as the output power over a 
unit volume. The PD metric is written as a function of the output power 
and the volume of piezoelectric material. Fig. 13 presents a comparison 
of power density spectrum considering excitation in different directions, 
providing a quantitative analysis regarding the gain in frequency 
bandwidth. The frequency bandwidth (δ) is estimated by applying the 
following relation, P(f1) = P(f2) = 0.02Pmax, where δ = f2 − f1 and Pmax is 
the peak output power taken from the frequency response curve. 

Results show that the beam device has only one resonant peak in the 
frequency range and presents better performance for an out-of-plane 
vibration in its transversal (z-axis) direction as observed in Fig. 13c. 
For x-axis direction in-plane excitations, the beam device is operating 
under torsional vibrational mode and the energy generated by the 
piezoelectric patches is negligible, as observed in Fig. 13a. For y-axis 
direction in-plane excitation (longitudinal beam length), the system 
experiences normal strain as a combination of tension/compression and 
bending deformation, and consequently, lower levels of electric power 
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are generated by the piezoelectric patches. The USS harvester presents 
three resonant peaks in the desired operational frequency range how
ever, they are not close enough to essentially increase the frequency 
bandwidth of the system. It should be pointed out that the device pre
sents better performance for out-of-plane excitation however, lower 
levels of PD are generated for in-plane vibration in both x-axis and y-axis 
directions. The MSS device has three resonant peaks lined in the speci
fied operational frequency range, being close enough to expand system 
frequency bandwidth. Under the combined in-plane and out-of-plane 
excitation (Fig. 13d), similar levels of PD peak are noticeable for all 
the three harvester designs, but the MSS presents wider bandwidth being 
advantageous for broadband energy harvesting. A quantitative 
comparative analysis is considered for the harvesters in terms of fre
quency bandwidth (δ) and parameter A that represents the area under 
PD curve, with results summarized in Fig. 14. The MSS device presents 
higher values of parameter A for excitation in multiple directions. For an 
out-of-plane excitation, the multidirection capability of the MSS device 
causes an increase of the frequency bandwidth by designing the multi
modal system to have close resonant peaks. This constitutes an advan
tage in terms of energy extraction from broadband frequency spectrum. 
Therefore, the proposed MSS device allows the exploration of more 
energy available from ambient excitations providing an interesting 
alternative to single-mode and unidirectional energy harvesting 
systems. 

Since mechanical energy sources are usually related to multidirec
tional vibrations with unavoidable uncertainties, the energy harvesters 
are now investigated considering uncertainties in the ambient excita
tion, testing their performance through different vibration source con
ditions. Random ambient vibration excitations are analyzed establishing 
an energy spread over a wide frequency spectrum. In this regard, fluc
tuations are investigated considering harmonic excitations with con
stant amplitude and random-frequency spectrum, defined as ub(t) =
u0sin(Ωt) where u0 = 14.48 μm is the base excitation amplitude and the 
frequency Ω = N(Ω, σ) corresponds to a Gaussian white noise with a 
mean value Ω and standard-deviation σ. A histogram with the excitation 
frequency distribution is presented in Fig. 15a. for a mean value of Ω =
130 Hz and standard-deviation of σ = 4 Hz. A time-history signal 
divided into three regions is built to investigate the multidirectional 
characteristics of the proposed energy harvesting device. In the first 
region, a z-axis out-of-plane excitation is considered. Afterward, the 
second region considers in-plane excitation is assumed simultaneously 
in the x- and y-axis directions. Finally, the third region considers a 
multidirectional excitation assuming a combination of in-plane and out- 
of-plane excitations (x-, y- and z-axis directions). Fig. 15b presents the 
multidirectional time-history signal for the random-frequency base 
excitation, using the relations as provided in Table 3: ux = αxu0, uy = αyu0 
and uz = αzu0. This is done to provide the same energy input to the 
harvester device for excitation in different directions by respecting the 

following relation: u0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2

x + u2
y + u2

z

√
. 

Transient simulations are carried out during 2.4 s for all energy 
harvesting devices. A comparative analysis of RMS power density is 
presented in Fig. 16. Results show that for the out-of-plane vibration (z- 
axis direction), the beam device presented worse performance when 
compared with both the USS and the MSS devices due to the broadband 
spectrum characteristic of the excitation. Under this condition, the USS 
device showed higher levels of PD compared with the proposed MSS 
device. This can be attributed to the tip masses being close to the sub
strate which causes higher oscillations of the structure and therefore, 
more energy is generated by the piezoelectric patches. For the in-plane 
vibration (xy-axis direction), the MSS device shows the best perfor
mance compared with the USS device providing higher levels of PD. 
Moreover, in the third region where a combination of in-plane and out- 
of-plane vibration is considered, the MSS device showed to be advan
tageous in terms of PD in comparison with the remaining device con
figurations. Under this condition, the beam device is more efficient than 

the USS device. 
An important aspect to be pointed out is the influence of the ambient 

vibration conditions in the performance of the MSS device. Although the 
strategy of using pendular masses to extract energy from multidirec
tional excitations showed to be interesting, it needs to be analyzed with 
attention. The pendular mass devices can add additional damping to the 
system that attenuates vibration energy, reducing the energy harvesting 
capacity for long term extraction. Besides, pendulum mass can work as a 
vibration absorber, attenuating the structure vibration, which also 
reduce the energy harvesting capacity. These aspects are especially 
important for harnessing energy efficiently. Therefore, the proposed 
MSS energy harvester device shows potential to extract energy from a 
broad bandwidth frequency spectrum, allowing a better exploration of 
energy available from ambient excitations. Nevertheless, a careful 
design of the device is necessary considering either the device or the 
ambient vibration characteristics. This paper presented a proof of 
concept of the idea, but a complete dynamical analysis of the idea should 
be carried out for specific applications. 

6. Conclusions 

A multidirectional and multimodal piezoelectric energy harvesting 
device is proposed, designed, optimized and investigated with the pur
pose to extract energy from multidirectional and broadband ambient 
vibration sources. The proposed multidirectional star-shaped (MSS) 
device utilizes inertial pendular masses with two goals: extract ambient 
energy from multidirections; and tune the resonant frequencies by 
carefully changing the weight of the pendular masses. The harvester 
system analysis is performed employing the finite element method using 
ANSYS Workbench. Modal and harmonic simulations are conducted, 
respectively to set resonant frequencies in the desired frequency range 
and to obtain the system response in the steady-state regime. An opti
mization procedure is employed pursuing geometric and electric de
signs. Initially, a parametric study is performed to design the system to 
achieve as many resonant frequencies as possible in the desired opera
tional frequency range and with close enough resonant peaks, enabling 
energy harvesting with broadband spectrum. Afterward, the optimal 
value of the electric resistance load associated with the electronic circuit 
is obtained aiming at maximizing the output power. 

In order to establish the advantages of the optimized MSS device 
performing a comparative analysis with the conventional cantilever 
beam design that serves as a reference case of single-mode energy 
harvester. Besides, the classical cantilever-type harvester, the unidirec
tional star-shaped (USS) device, without pendular masses, is considered 
as reference performance cases of a multimodal device with unidirec
tional sensitivity to ambient excitations. Harmonic and random excita
tions are investigated for in-plane and out-of-plane vibration and results 
show that the proposed device presents performance advantages in 
terms of power density, broadband frequency spectrum and multidi
rectional excitation capability compared with conventional energy 
harvesters. A proof of concept of the idea is presented but it should be 
highlighted that the pendular mass can either introduce extra dissipa
tion or work as an energy absorber, which can reduce energy harvesting 
capacity. In this regard, the energy harvester design should pay atten
tion in these aspects for the specific case treated Eqs. (1)–((11)). 
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