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ORIGINAL ARTICLE

Design, fabrication and evaluation of a Quad-Finger multimodal vibration 
energy harvester utilizing MFC generators

M. Askaria , M. Ghandchi Tehrania , E. Brusab , A. Carrerab , and C. Delpreteb 

aDynamics and Vibration Unit, ENTEG, Faculty of Science and Engineering, University of Groningen, Groningen, The Netherlands; bIndustrial 
Systems Engineering and Design Group, Dept. Mech. Aer. Eng. (DIMEAS), Politecnico di Torino, Torino, Italy 

ABSTRACT 
This study develops a Quad-Finger structure as a multimodal vibration energy harvester using 
macro fiber composites (MFCs). Comprising piezoelectric fibers in a polymer matrix, MFCs offer 
enhanced mechanical robustness and address the brittleness of traditional piezoceramics, making 
them ideal for vibration energy harvesting applications. The proposed Quad-Finger structure is 
consisting of a primary plate, four smart beams embedded with MFC patches, and proof masses. 
To assess the harvester’s performance in real applications, a read-out circuit is integrated to meas
ure the electrical outputs. A finite element (FE) model is developed using COMSOL MultiphysicsVR 

6.0 to simulate the harvester’s performance. The read-out circuit is also simulated in LTspice, 
allowing the FE results to be validated and the circuit to be optimized. Following the simulations, 
a prototype of the harvester is fabricated, and experimental tests are conducted to verify the 
simulation results and demonstrate practical performance. The FE model enables extensive numer
ical analysis, showing that the device effectively harvests vibrational energy from its first four 
modes within a 10 Hz bandwidth, highlighting its potential for broadband vibration energy har
vesting. Notably, MFCs prove to be significantly more efficient for energy harvesting compared to 
traditional piezoceramics. Furthermore, power output analysis suggests that the harvester operates 
optimally when a tunable load resistance is employed.
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1. Introduction

Piezoelectric harvesters offer promising prospects for harness
ing energy from ambient vibration. This harvested energy is of 
significant importance in energizing low-power electronics, 
such as wireless sensor nodes (WSNs), portable devices, and 
medical implants. In recent years, there has been a growing 
interest in vibration-based energy harvesting [1–8], due to the 
issues with conventional power sources (i.e. chemical batteries). 
The objective in this research area is to provide power to small 
electronics by capturing the vibrational energy available in their 
environment. If successful, this approach can potentially reduce 
the reliance on chemical batteries, decrease maintenance costs 
related to their frequent replacement, and mitigate the environ
mental impact of battery disposal.

Piezoelectric materials, such as piezoceramics (PZTs), known 
for their high electromechanical coupling properties, large power 
densities and ease of application have become a focal point for 
vibration energy harvesting applications. However, the tradi
tional PZTs are brittle and highly sensitive to tensile strain, mak
ing them unsuitable for applications involving large 
deformations or cyclic loads. To overcome such issues, macro 
fiber composite (MFC) materials were developed by NASA 
Langley Research Center in 1999 [9]. MFCs are consisting of 
rectangular piezo ceramic rods sandwiched between layers of 

adhesive, electrodes, and polyimide film. The electrodes are 
attached to the film in an interdigitated pattern which transfers 
the applied voltage directly to and from the ribbon-shaped rods. 
This assembly enables in-plane poling, actuation, and sensing in 
a sealed, durable, and ready-to-use package. Such materials are 
available globally through Smart Material Corporation [9], and 
come in various types: P1, P2, and P3. The P1-type MFCs utilize 
the electromechanical coupling effect between electric field and 
mechanical strain in the same direction (as is described by coeffi
cient d33 [10]), and function as highly sensitive strain sensors. 
The P2- and P3-type MFCs operate based on the coupling effect 
between two orthogonal directions, namely 3 for electric filed 
and 1 for mechanical strain (as described by coefficient d31 [10]), 
and are primarily used for piezoelectric energy harvesting (PEH) 
and as strain sensors. The P3-type MFC, which consists of wider 
fibers, exhibits behavior similar to an orthotropic, monolithic 
piezoceramic plate when compared to the P2-type. This causes 
the P3-type MFC to be less flexible than the P2- or P1-type 
MFCs.

In dynamic systems, the primary source of mechanical 
energy typically arises from ambient vibration within the 
system or its surroundings. Piezoelectric-based energy har
vesters, particularly those configured as cantilever beams, 
predominantly operate in the transverse mode (d31 mode) 
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and utilize one or more layers of piezoelectric material (i.e., 
unimorph or bimorph configurations) [11]. In such configu
rations, the bending of the beam results in a normal stress 
along the axial direction on the piezoelectric material, which 
leads to generation of electrical charge. In the field of piezo
electric vibration energy harvesting, the literature indicate 
that the energy efficiency is dependent on the electromech
anical coupling effect, damping effect, excitation frequency 
and electrical load [5,12–17]. Environmental vibration sour
ces typically have varying frequencies and magnitudes over 
time, posing a challenge in generating sufficient power from 
dynamic excitation. Research efforts are underway to address 
those challenges and enhance energy harvesting efficiency. 
Given these considerations, systems incorporating multiple 
vibration modes have been proposed as potential designs for 
broadband vibration energy harvesting [18–20]. Roundy 
et al. [21] introduced this concept for the first time, incor
porating multiple proof masses to achieve a wider band
width. Building upon this concept, Yang et al. [22] 
developed an electromagnetic energy harvesting beam with 
multiple magnets serving as proof masses and voltage-induc
ing components. Tadesse et al. [23] presented a cantilever 
harvester integrated with hybrid energy harvesting schemes, 
each efficient for a specific mode. Based on similar princi
ples, many more research works have been presented in the 
recent years to address broadband energy harvesting 
[24–27]. However, in such proposed designs, either the 
high-order vibration modes are often significantly separated 
from the fundamental mode, or the power efficiency 
remains low. Moreover, the efficiency of piezoelectric energy 
harvesting is determined by how the charge extracted from 
the piezoelectric generator is managed. An interface circuit 
or a circuit for rectifying and conditioning the electrical 
charge [28] is typically required to convert the alternating 
current from the piezoelectric material into direct current 
suitable for powering the load. Designing the read-out cir
cuit necessitates careful selection of its electrical components 
as well as an examination of the linked electromechanical 
dynamics.

In this study, an MFC-based Quad-Finger multimodal 
harvester is designed, fabricated, and experimentally vali
dated. The proposed device addresses the critical challenge 
of matching the resonance frequencies of the harvester with 
those of real-world applications, which is an essential design 
consideration for resonance-based energy harvesters. 
Additionally, through the integration of a suitable read-out 
circuit, the harvester effectively resolves the issue of voltage 
cancelation, which commonly occurs in piezoelectric har
vesters utilizing multiple generators.

The structure of this paper has been organised as follows: 
Section 2 outlines the design of the harvester, providing a 
detailed description of its layout and the electrical circuits 
used for measuring the outputs. Section 3 discusses the finite 
element (FE) modeling conducted in COMSOL software, 
while Section 4 describes the experimental setup used to val
idate the FE model. Section 5 presents a comprehensive com
parison of the numerical and experimental results, alongside 
an in-depth analysis of the harvester’s performance. Lastly, 

Section 6 concludes the work by summarizing the key findings 
and suggesting directions for future research.

2. The proposed energy harvester

2.1. Harvester design and constitutive equations

The schematic design of the Quad-Finger harvester is shown 
in Figure 1(a). The idea of incorporating four beams in the 
proposed design was initially inspired by the structure of the 
human hand, excluding the thumb. The structure consists 
of a substrate layer, MFC patches (d31-mode), and proof 
masses. The substrate layer is divided into two parts: a plate, 
with length a, width b, and thickness t, as well as four canti
lever beams, with identical width w and thickness t, that are 
connected to the free side of the plate (see Figure 1(b)). The 
lengths of the beams are not identical as they span from L1 
to L4 in Figure 1(b). Also, the parameters d and s denote 
the gap between the beams and the distance between the 
closest edge of the plate and beam 1 and beam 4, respect
ively. It is worth noting that the composition of the sub
strate layer is continuous and can be simply fabricated from 
a rectangular sheet in practice. Also, the MFC layers have 
active and inactive parts, where the inactive part is com
posed of only Polyimide film (Li�Wi�ti), and the active 
part is a symmetric composite of five laminated layers 
(La�Wa�ta). The active part consists of rectangular piezo
ceramic rods (made of PZT-5A) sandwiched between layers 
of adhesive, electrodes, and polyimide film (see Figure 2). 
The electrodes are attached to the film in an interdigitated 
pattern which transfers the applied voltage directly to and 
from the ribbon-shaped rods. Last components in the pro
posed harvester are the proof masses that are identical, 
being long Lm, wide w, and thick hm.

As shown in Figure 1(a), three edges of the substrate 
layer are clamped, and the entire device is intended to 
experience base excitation along the z-direction. This exci
tation induces mechanical strain within the MFC layers 
(in particular, within the piezoceramic rods), which is 
then converted into electric charge through the electro
mechanical coupling provided by piezoelectricity. It is 
commonly known that piezoelectric materials generate 
electric charges when subjected to mechanical deform
ation, and they produce strain when an electric field is 
applied to them. These two phenomena are called the dir
ect and converse effects of piezoelectricity. The direct 
piezoelectric effect forms the foundation of piezoelectric 
energy harvesters (PEHs). However, both direct and con
verse piezoelectric effects are described by the following 
constitutive equations, respectively:

ef g ¼ SE½ � rf g − d½ �T Ef g (1a) 

Df g ¼ d½ � rf g − 2r½ � Ef g (1b) 

Equations (1a) and (1b) establish a connection between 
the mechanical domain (stress r and strain e) and the elec
tric domain (electric field E and displacement field D). In 
Eq. (1), S½ �; d½ �; and 2½ � correspond to the compliance 
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matrix, electromechanical coefficients matrix, and the dielec
tric permittivity matrix, respectively, and they can be 
expressed in the following forms for piezoelectric materials 
polarized in z-direction (i.e. d31-mode):

SE½ � ¼

SE
11 SE

12 SE
13 0 0 0

SE
21 SE

22 SE
23 0 0 0

SE
31 SE

32 SE
33 0 0 0

0 0 0 SE
44 0 0

0 0 0 0 SE
55 0

0 0 0 0 0 SE
66

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

(2a) 

d½ � ¼
0 0 0 0 d15 0
0 0 0 d24 0 0

d31 d32 d33 0 0 0

2

4

3

5 (2b) 

2r½ � ¼

2r
11 0 0
0 2r

22 0
0 0 2r

33

2

4

3

5 (2c) 

To fully describe the MFC materials in COMSOL soft
ware, the components of the three-dimensional elastic com
pliance (SE

ij), piezoelectric (dij), and relative permittivity (2r
ij) 

matrices are required, while such materials data are not 

Figure 1. Schematic representation of the proposed piezoelectric energy harvester.

Figure 2. MFC microstructure [9].
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directly available from the data sheet provided by their 
manufacturer (i.e. Smart Material Corporation). According 
to the supplier’s data sheet [9] and Refs. [29,30], the avail
able electrical and mechanical properties of MFCs are given 
in Table 1.

However, the three-dimensional compliance matrix of the 
MFC can be constructed by converting the linear elastic 
engineering constants provided by the manufacturer [9] 
(given in Table 1) into Eq. (3). This equation was derived 
from the standard stress-strain relations for orthotropic 
materials, as presented in [32]. The resulting compliance 
matrix follows the standard form for a transversely isotropic 
material, with crystalline symmetry perpendicular to the 
poling direction. 

SE½ � ¼

1
E1

−�12

E1

−�12

E1
0 0 0

−�12

E1

1
E2

−�21

E2
0 0 0

−�12

E1

−�21

E2

1
E2

0 0 0

0 0 0
2 1þ �21ð Þ

E2
0 0

0 0 0 0
1

G12
0

0 0 0 0 0
1

G12

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(3) 

where Ei is the Young’s modulus along axis i, Gij is the 
shear modulus in direction j on the plane whose normal is 
in direction i, and �ij is the Poisson’s ratio that corresponds 
to a contraction in direction j when an extension is applied 
in direction i. The final SE

ij used to define the compliance 
matrix of the MFC patches is:

SE½ � ¼

3:30 −1:02 −1:02 0 0 0
−1:02 6:31 −1:01 0 0 0
−1:02 −1:01 6:31 0 0 0

0 0 0 14:63 0 0
0 0 0 0 18:13 0
0 0 0 0 0 18:13

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

� 10−11 m2N−1

(4) 

Additionally, due to the symmetric property of PZTs, the 
d31 ¼ d32 and d24 ¼ d15 ¼ 0 [29]. Therefore, matrix [d] can 

also be reduced to the following matrix:

d½ � ¼
0 0 0 0 0 0
0 0 0 0 0 0

d31 d31 d33 0 0 0

2

4

3

5 (5) 

The matrix [d] does not include shear piezoelectric coeffi
cients (e.g. d15). While typical piezoelectric ceramics such as 
PZT-5A and PZT-5H have nonzero d15 values, in many 
composite materials, jd15j is significantly smaller than jd3jj

[29]. Moreover, since the electric field is always oriented 
along the poling direction, shear piezoelectric coefficients 
are not expected to contribute.

The relative permittivity of the active layer is also 
required to accurately characterize the electromechanical 
coupling within the MFC layer. This property is important 
for relating charge, capacitance, and voltage for the MFC 
materials, and it influences the magnitude of the induced 
electric field under mechanical stress. In this study, the rela
tive permittivity values are taken from Ref. [31] and are 
given in Table 1. Ref. [31] validates the accuracy of this 
simulation approach for MFCs against the experimental 
results for a cantilever harvester. Thus, with the properties 
specified in the [SE], [d], and [2r] tensor forms, MFCs can 
be adequately modeled in COMSOL software.

2.2. Power management circuit

The harvester device is intended to be located on a vibrating 
host structure, where the dynamic strain induced in the 
MFC layers leads to an alternating voltage output across 
their electrodes. An alternating voltage output is obtained 
owing to, for instance, a harmonic base motion applied to 
the structure. In the mechanics research on piezoelectric 
energy harvesting as well as in the experimental research 
aimed at assessing the device performance for AC power 
generation, it is common practice to consider a simple resis
tor as electrical load [33–36] (see Figure 3). In the case of a 
harvester with multiple piezoelectric generators (such as in 
bimorph configurations or the design proposed in this 
study), the piezoelectric electrodes can be wired, for 
instance, in parallel or series configurations. In Figure 3, V 
represents the AC voltage generated by the piezoelectric 
layer, and RL indicates the electrical load. Integrating such 
electrical circuit with the harvester helps optimize the mech
anical design of the device and understand the effect of vari
ous parameters, such as the electrical load, on the 
electromechanical response of the harvester.

Table 1. Mechanical and electrical properties of MFC patches.

Material property Unit Value

Active part  
[9,29,31]

Tensile modulus in  
rod direction, E1

GPa 30.336

Tensile modulus in  
electrode direction, E2

GPa 15.857

Shear modulus, G12 GPa 5.515
Poisson’s ratio, v12 1 0.31
Poisson’s ratio, v21 1 0.16
Volume density, q kg/m3 5440
d31 ¼ d32 pC/N −170
d33 pC/N 400
2r

11 1 712
2r

22 1 1.7
2r

33 1 737
Inactive part Young’s modulus, E GPa 1.85
(Polyimide film) Volume density, q kg/m3 1140
[30] Poisson’s ratio, v 1 0.34

Figure 3. Typical configuration of a piezo harvester with a simple resistor.
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However, although a piezoelectric component that 
vibrates produces an AC voltage, the electrochemical battery 
necessitates a DC voltage [37]. To optimize energy manage
ment and load delivery, the harvester requires a power man
agement circuit (also known as read-out circuit) that 
rectifies, stores, and conditions the energy produced. This 
ensures electrical compatibility with the load being supplied. 
Figure 4 shows an energy harvesting read-out circuit for a 
single piezoelectric generators, which is consisting of:

� Diode bridge (D1 to D4): blocks the return of charges 
from the circuit to the piezoelectric material while recti
fying the current. This allows for the storage of both 
positive and negative charges.

� Capacitance (C): records the energy transferred in indi
vidual events; the intermediate storage capacity protects 
the piezoelectric material by preventing charge build-up.

� DC/DC converter: simulates the optimal load impedance 
and adjusts the output voltage to prevent the battery dis
charge or saturation.

� Battery: stores the charge and powers the electronic 
equipment to which it is attached.

� Load: refers to the electrical device or component that 
consumes or utilizes the harvested energy.

Considering the aforementioned read-out circuit, differ
ent electrical configurations are herein designed for wiring 
the multiple piezoelectric generators in the proposed multi
modal harvester. These configurations, (i.e. series and paral
lel circuits) are schematically illustrated in Figure 5. The 
DC-DC and battery modules are omitted from the follow
ing read-out circuit models, as the primary focus is on 
effectively designing the AC-DC rectifier, which helps pre
vent voltage cancelation. In systems with multiple piezo
electric generators, voltage cancelation can occur due to 
phase differences in the voltage outputs. Each generator 
produces a voltage in response to the mechanical vibrations 
it experiences. However, when generators experience vibra
tions out of sync (e.g. one reaching a peak while another 
hits a trough), the resulting voltages can have opposite 
signs (i.e. positive and negative) at certain moments, which 
may lead to partial or complete cancelation if combined 
without rectification. To address this issue in the proposed 
harvester, each generator has been paired with a rectifica
tion stage (using a diode bridge), which converts the AC 
output to DC form, enabling combination of generators 
without interference.

The rectifier diode bridges in the circuits shown in 
Figure 5 are independent of the piezoelectric sources, which 
are arranged in two distinct configurations: series (Figure 
5(a)) and parallel (Figure 5(b)). In the series configuration, 
the total voltage is the sum of the voltages generated by 
each piezoelectric element, allowing for higher voltage out
puts. However, this arrangement can present a problem if 
one of the piezoelectric sources fails, as the entire system’s Figure 4. Power management module for a single generator.

Figure 5. The read-out circuit for the proposed harvester with multiple generators in (a) series, (b) parallel configuration.
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voltage output may be compromised, with each element 
affecting the total voltage generated. Furthermore, charge 
cancelation remains an issue in the series configuration, as 
the internal current (I0i) can vary significantly between dif
ferent sources. If I0i is less than the load current (IL), a 
source will be charged in reverse (with output current Ii ¼

I0i - IL < 0). By converse, the parallel configuration miti
gates some of these problems. In this arrangement, the cir
cuit assures read-out and charge transferring even when one 
generator fails, and it can generate a larger current, which is 
advantageous for accelerating the charging process of the 
storage capacity [38].

It should be noted that concerning energy harvesters with 
multiple generators, when the sources are in phase and can 
be treated as a single source, it is straightforward to connect 
them in series or parallel before a shared rectifier, as done 
with a single source in a standard circuit [39,40]. However, 
this configuration is not feasible if the sources have different 
frequencies and are out of phase. In such cases, when the 
frequency of an excitation wave deviates from the genera
tors’ resonance frequencies, the phase difference between the 
produced voltages is minimal. However, this difference sig
nificantly widens when the excitation frequency approaches 
the resonant frequencies [41].

3. Finite element (FE) modelling

The proposed harvester design is initially simulated in 
COMSOL software, which allows for precise coupling of 
multiple physics and accurate definition of their associated 
boundary conditions. The resulting FE model is then vali
dated against experimental results and simulations con
ducted in LTspice XVII software. To achieve this, a 
numerical modal analysis is performed using the FE model, 
with the results first validated by those of experimental 
modal analysis using shaker testing (this is further explained 
in subsection 5.1). Subsequently, the read-out circuits shown 
in Figure 5 are simulated in both COMSOL and LTspice, 
and a comparative study of the outcomes of both simula
tions is conducted. After validation of the FE model, add
itional simulations are performed in COMSOL to evaluate 
the performance of the harvester. A block diagram repre
senting the current methodology is presented in Figure 6.

Utilizing the geometrical data of the scavenger, given in 
Table 2, the FE model of the harvester is initially con
structed in COMSOL software. The harvester layout is first 
sketched within the 3D environment of COMSOL, where 

different modules and physics can be integrated into the FE 
model based on the study requirements. At this stage, differ
ent materials are also assigned to various domains of the 
harvester. In particular, the substrate is made of Aluminum 
(with Young’s modulus of 70 GPa, mass density of 2700 kg/ 
(m3), and Poisson’s ratio of 0.3), piezoelectric layers are 
made of MFC materials, and proof masses are made of 
Stainless Steel (with Young’s modulus of 193 GPa, mass 
density of 8000 kg/(m3), and Poisson’s ratio of 0.3).

In the design of vibration energy harvesters, performing 
modal analysis is always helpful to compute the natural fre
quencies and mode shapes of the device. This can be 
achieved in COMSOL software by conducting an eigenfre
quency study. For that, the proposed harvester is first 
meshed using tetrahedral elements (with fine element size), 
after which an eigenfrequency study is performed. The out
come of this investigation will be presented in Section 5, 
where the numerical results are discussed in detail.

Once the eigenfrequencies of the system are known, fre
quency-domain studies can be conducted within specific fre
quency bands, which include the resonance frequencies, to 
extract the frequency response of the scavenger. It is impor
tant to note that the frequency-domain study conducts FE 
analysis of the system for each given frequency, which is 
then utilized to extract comprehensive results presented in 
frequency response plots. To construct the model, the Solid 
Mechanics module is integrated with the Electrostatics and 
Electrical Circuit modules. The Solid Mechanics module 

Figure 6. Block diagram of the methodology employed in the present work.

Table 2. Geometrical data of the proposed harvester.

Component Geometrical parameter Value (mm)

Substrate b 130
a 40
t 1

w 18
d 10
s 14

L1 80
L2 90
L3 100
L4 85

MFC layers (2814-P2) Li 37
wi 18
ti 0.15
La 28
wa 7
ta 0.3
p 7.5

Proof masses Lm 15
hm 10
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facilitates the set-up of material damping, constraints, and 
loading conditions for the structure. Additionally, the 
Electrostatics and Electrical Circuit modules enable the con
figuration of electrical boundary conditions for piezoelectric 
materials, such as Terminals and Ground. These electrical 
parameters are then linked to the Electrical Circuit module, 
where the circuits described in Subsection 2.2 are composed.

The material properties and geometrical parameters of 
the harvester are considered based on the data provided in 
Tables 1 and 2, respectively. Also, the harmonic base excita
tion is simulated as a body force in COMSOL, which is 
applied to the entire structure.

After presenting an overview of the structure’s perform
ance in the frequency domain, the transient behavior of the 
coupled system will be investigated through the time domain 
analysis. Prior to integrating the read-out circuit depicted in 
Figure 5, it is necessary to conduct a circuit analysis in 
LTspice XVII to understand the dynamics and refine the 
settings for circuit energy efficiency. The electronic compo
nent libraries and graphical interface in LTspice facilitate 
faster analysis of iterations involving various piezoelectric 
input generators and their impact on the performance of the 
power storage capacitor. However, the utilization of 
COMSOL Multiphysics is essential in this study because, 
unlike LTspice, which employs a simplified representation of 
the electromechanical system, COMSOL enables complete 
coupling of both mechanical and electrical physics, leading 
to a more realistic simulation.

Upon designing the read-out circuit, the LTspice Netlist 
is exported and integrated into COMSOL’s Electrical Circuit 
module. To finalize the implementation of the time domain 
analysis and closely replicate the behavior of the actual 
device, the pulse shape must be defined with a time-varying 
law to excite the model base. The voltage curves generated 
at the piezoelectric layer terminals will be exported from 
COMSOL and imported into LTspice to verify the accuracy 
of the time domain analysis.

4. Fabricated harvester and experimental setup

A prototype of the proposed harvester has been fabricated at 
the Technical Support Department of the Faculty of Science 
and Engineering at the University of Groningen, and is 
shown in Figure 7. The harvester device is consisting of of a 
housing part (for clamping), the multi-beam substrate, 
piezoelectric patches, and proof masses. As mentioned ear
lier, the piezoelectric patches are made of MFC materials, 
which are commercially available by Smart Material 
Corporation [9]. In particular, MFC-2814-P2 patches are 
used here as piezoelectric generators and are manually 
attached to the substrate layer using epoxy adhesive 
(LoctiteVR E-120HP). The MFC patches are electrically con
nected in parallel configuration using 24AWG Hookup wires 
(CNC Tech-3239-24-1-0500), as recommended by their 
manufacturer [9]. The wires were soldered to the electrodes 
of the MFC patches to ensure optimal conductivity when 
measuring the electrical outputs.

In order to measure the electrical outputs to base excitation, 
an experimental setup, shown in Figure 8, was prepared. The 
setup includes a data acquisition system (dSPACE 
MicroLabBox), an electrodynamic shaker (Data Physics GW- 
V4), a power amplifier (Data Physics - PA30E), a function 
generator (Rohde & Schwarz - HMF2525 25 MHz), two accel
erometers (Bruel & Kjaer − 4507), and a resistance box 
(VOLTCRAFT R-BOX 02). A diagram illustrating this setup is 
also provided in Figure 9.

To measure the voltage generated by the harvester, a signal 
is first generated by the function generator, then amplified and 
supplied to the shaker, which is eventually applied to the struc
ture as base excitation. Two accelerometers are placed on the 
clamping part and on a proof mass to measure the vibration 
response of the system. One of the accelerometers measures 
the base acceleration, while the other measures the acceleration 
response on the proof masses. The setup enables various vibra
tion tests on the harvesting structure.

5. Model validation and discussion

In this section, the FE model is validated, and comprehen
sive numerical and experimental results are presented and 

Figure 7. The harvester prototype placed on the electrodynamic shaker device.

Figure 8. Experimental setup provided for energy harvesting measurements.
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thoroughly discussed. First, a static analysis was conducted 
in COMSOL to explain the placement of MFC patches in 
the Quad-Finger structure (see Figure 1(a)). For this study, 
the harvester was considered without the MFC layers, and a 
total load of 20 N was applied to the free ends of the beams 
in the thickness direction (i.e. 5 N per beam). The goal was 
to plot the bending normal strain distribution within the 
substrate layer as the structure experienced bending deform
ation. The results, shown in Figure 10, depict the mechan
ical strain distribution in the x-direction. It is evident that 
the strain is concentrated along the length of the beams, 
with the maximum values near the clamps where they con
nect to the substrate plate. Consequently, for optimal elec
trical charge generation, MFC patches should be placed in 
regions with the highest strain. This placement remains 
effective for vibration energy harvesting, provided the focus 
is on the first four modes of the Quad-Finger harvester (see 
Figure 11), where only the fundamental bending mode of 
each beam is engaged. Thus, the MFC patches (specifically, 
their active areas) are bonded to the substrate layer in 
regions experiencing maximum bending deformation during 
base excitation.

However, before the FE model can be used to explore the 
electromechanical response of the scavenger, it must be vali
dated in terms of both dynamic and electrical responses. 
Subsection 5.1 presents a validation study, comparing the 
numerical results from the FE model with experimental 
measurements. Following this, the effects of mechanical and 
electrical parameters, as well as the system’s dynamic char
acteristics, on the harvester’s behavior are demonstrated and 
discussed in the subsequent subsections.

5.1. Validation study

The initial investigation involves performing a modal ana
lysis using the FE COMSOL model and the experimental 
setup. Figure 11 presents the results of the eigenfrequency 
study conducted in COMSOL, revealing the first four 

resonance frequencies of the scavenger as 17.9, 22.2, 25.4, 
and 27.9 Hz, respectively. To validate these findings, an 
experimental vibration test was conducted using shaker exci
tation. A sweep-sine signal with frequencies ranging from 12 
to 32 Hz was applied to the harvester base, and the voltage 
response was measured in the time domain (see Figure 12). 
To monitor the base excitation, an accelerometer was 
mounted on the harvester housing to measure acceleration 
along the z-axis. Figure 12 shows the magnitude of the fre
quency response function from the test. The frequency val
ues corresponding to the peaks are 18.1, 22.4, 25.9, and 
28.4 Hz for the first, second, third, and fourth vibration 
modes, respectively. These results are also summarized in 
Table 3, alongside their counterparts from the COMSOL 
model. As shown in Table 3, there is excellent agreement 
between the numerical and experimental results, demon
strating the accuracy of the FE model. However, the slight 
differences between the results may be attributed to the 
adhesive layers between the MFC patches and the substrate, 
which are not included in the FE model. Additionally, the 
fabricated proof masses differ slightly in weight, whereas 
they are completely identical in the FE model. There may 
also be a minor positioning error in the experimental setup, 
as the proof masses at the free ends were placed manually.

In another validation study, the open-circuit voltage out
put of the harvester was measured as a function of excita
tion frequency for a harmonic base excitation of 0.1 g (g is 
the acceleration of gravity and equals 9.81 m/s2). The effect 
of structural damping has been simulated by defining a an 
isotropic loss factor of 5% in the FE model [42,43]. The 
voltage FRF computed from the FE model is shown in 
Figure 13. For comparison, harmonic base excitation with 
an amplitude of 0.1 g was applied to the harvester at each of 
its resonance frequencies, and the corresponding generated 
voltage and power outputs were measured at open circuit 
mode. These results are presented in Table 4 alongside those 
calculated from the FE simulations. Table 4 shows that the 
electrical outputs predicted by the FE simulations align with 

Figure 9. Schematic diagram of the experimental setup.
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the experimental measurements, though the FE model tends 
to underestimate the voltage and power outputs at the har
vester’s resonance frequencies. These discrepancies are likely 
due to the simplified simulation of the electromechanical 
characterization of the MFC layers. While micromechanical 
modeling of MFCs could yield more accurate results, its 
complexity makes it too computationally expensive for inte
gration within a larger macro-scale structural model. 
However, this study, again, confirms the accuracy of the FE 
model which can now be used as a reference for obtaining 
new results and investigating the effects of various parame
ters on the mechanical and electrical response of the 
scavenger.

In the following subsections, the effects of various param
eters on the mechanical and electrical response of the 

harvester are analyzed. It is important to note that the 
results presented in subsections 5.2 are based on the har
vester equipped with MFC generators connected in parallel, 
with a purely resistive electrical load (see Figure 3). In sub
section 5.3, the read-out circuits previously shown in Figure 
4 are separately integrated with the harvester, and the corre
sponding results are presented and discussed.

5.2. Harvester integrated with an electrical resistor

As demonstrated in the previous subsection, the harvester 
exhibits four bending vibration modes, which are the first 
four modes of the system and are of interest for vibration- 
to-electricity conversion in this study. Higher vibration 
modes (i.e. 5th, 6th, … ) are less effective for vibration 

Figure 10. Distribution of axial strain under bending load.

Figure 11. The first four vibration mode shapes of the proposed harvester.
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energy harvesting due to the presence of more strain nodes 
(i.e. points where the dynamic strain distribution changes 
sign in the direction of beam length), as well as lower 
motion amplitude. For instance, covering the strain nodes 
with continuous electrodes leads to significant voltage can
cellation. To avoid this issue, precise alignment of the 

piezoelectric patches with the deformation pattern, as well as 
complex design considerations for electrodes and wiring, is 
required [44]. Even with careful alignment and design, the 
power efficiency from higher vibration modes is typically 
low, and these modes are difficult to excite in practical 
vibration energy harvesting applications. Therefore, this 
study focuses on harvesting energy using the first four vibra
tion modes of the proposed scavenger, which involve only 
the fundamental bending mode of each beam (see Figure 
11). When the excitation frequency aligns with one of those 
modes (i.e. resonance frequency(s) of the scavenger), reson
ance occurs, leading to a significant amount of strain within 
the MFC layers. This mechanical strain is converted into 
electrical charge through the electromechanical coupling of 
the piezoelectric materials embedded in the microstructure 
of the MFCs.

Figure 14 shows the voltage frequency response of the 
harvester under base harmonic excitation, with amplitudes 
ranging from 0.1 g to 0.5 g, applied across a frequency range 
of 10 to 35 Hz. The harvester is here assumed to operate in 
open-circuit mode (null current), which is modeled in the 
FE simulation by setting a very high value for the electrical 
load [45]. As shown in Figure 14, four voltage peaks appear 
in the frequency response curves when the excitation fre
quency matches the harvester’s resonance frequencies. This 
notable feature of multimodal harvesters potentially 
addresses the frequency matching issue commonly associ
ated with single degree-of-freedom (single-DOF) harvesters. 
With the proposed harvester, electric power can be gener
ated over a frequency band and without relying solely on a 
single frequency. As expected, applying base excitation with 
higher acceleration amplitudes results in greater voltage out
put, as increased mechanical strain is induced within the 
MFC layers. Since the proposed harvester is a linear system, 
the output voltage increases linearly as the base excitation 
rises. Additionally, it can be observed from Figure 14 that as 
the excitation level increases, the harvester generates a 
higher voltage over a broader frequency band. Specifically, 
when a base acceleration of 0.5 g is applied, the scavenger 
produces a voltage of at least 10 V across nearly the entire 
excitation frequency range from 10 to 31 Hz. This demon
strates that the device can effectively harvest energy even 
when not operating at resonance. Also, a maximum stress of 
approximately 120 MPa is observed in the Aluminum com
ponent when the harvester is subjected to a base acceleration 
of 0.5 g at its first resonance, while lower stress values are 
recorded for the other modes. Although higher voltage out
put can be achieved with increased input excitation (i.e. 
greater than 0.5 g), it is associated with higher stress levels, 
increasing the likelihood of device failure in practice. 
Therefore, higher input excitations are not considered and 
are excluded from this study, and the device is not intended 
for use in environments where large amplitude vibrations 
exist.

As observed thus far, the harvester achieves maximum 
voltage output at the excitation frequencies of 17.9, 22.2, 
25.4, and 27.9 Hz, which corresponds to the first four vibra
tion modes of the harvester. Figure 15 illustrates the effect 

Figure 12. Experimental time-domain and frequency-domain results from the 
sweep sine vibration testing.

Table 3. FE simulations and experimental results for the harvester’s resonance 
frequencies (Hz).

Vibration mode FE simulation Experiment Difference

1st Mode 17.9 18.1 1.1%
2nd Mode 22.2 22.4 0.9%
3rd Mode 25.4 25.9 1.7%
4th Mode 27.9 28.4 1.8%

Figure 13. FE simulation results for the output voltage of the harvester at open 
circuit mode.

Table 4. Comparison of OC voltage and power amplitude computed from the 
FE simulations and experimental results.

Voltage (V) Power (mW)

Vibration mode FE simulation Experiment FE simulation Experiment

1st Mode 22.8 ffi 23.0 5.20 ffi 5.29
2nd Mode 4.2 ffi 4.5 0.18 ffi 0.20
3rd Mode 5.1 ffi 6.8 0.26 ffi 0.46
4th Mode 5.0 ffi 5.3 0.25 ffi 0.28
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of electrical load RL on the harvester’s voltage and power 
response when the device is excited at the mentioned fre
quencies. From the figure, it can be observed that the volt
age and power collection efficiency is the highest in the first 
mode, followed by mode 3, mode 4, and mode 2, for the 
device being excited at the same base acceleration level. This 
is because the first mode represents the dominant bending 
mode, which induces larger oscillations compared to the 
higher modes. While the first four modes correspond to the 
first bending mode of each cantilever, it appears that in the 
first mode, the cantilevers oscillate in phase. In contrast, in 
the higher modes, the cantilevers oscillate out of phase, with 
one cantilever moving upward while the other moves down
ward. This phase difference causes voltage cancelation, 
resulting in reduced power generation efficiency in the 
higher modes. Additionally, regarding the effect of the elec
trical load, Figure 15(a) demonstrates that the output voltage 
increases with a higher electrical load integrated into the 
harvesting system. It is known that small values of RL simu
late the short-circuit mode, while large values of RL  repre
sent the device operating in the open-circuit mode. Given 
this, the device produces higher voltage output in open-cir
cuit mode, as expected. However, a different trend is 
observed in Figure 15(b) concerning the power generated by 
the harvester as a function of the electrical load. Notably, 
there is an optimized value of RL at which the maximum 
output power is achieved. This optimized value of RL 
appears to be dependent on the excitation frequency, with 
values of 305, 255, 225, and 210 kX for the first mode and 
subsequent modes, respectively, based on Figure 15(b). 
Therefore, if a constant electrical load is consistently 
employed, the harvester will not operate at maximum effi
ciency (in terms of power generation) across all excitation 
frequencies.

So far, the FE simulation results have indicated that the 
voltage response of the harvester increases as the load resist
ance increases (see Figure 15(a)). However, this investigation 
was initially limited to the excitation frequencies corre
sponding to the resonance frequencies of the harvester. To 
extend this analysis, the effect of load resistance is studied 

experimentally over a broader frequency range of 12 to 
32 Hz. The corresponding results are presented in Figure 16, 
which illustrates the harvester voltage response in both time 
and frequency domains, for different values of load resist
ance, namely 102,103,104, 105, 106, and 107 X. For the 
experimental testing, the harvester was excited at its base 
using a sweep-sine signal over the frequency range of 12 to 
32 Hz. Note that the amplitude of the base acceleration was 
varying in this test as it is a function of displacement ampli
tude and the excitation frequency. However, the voltage 
response is measured with the four piezo patches connected 
in a parallel configuration. These experimental results align 
with the findings from FE simulations, confirming the same 
conclusion regarding the effect of electrical load on the har
vester’s voltage response.

To provide a deeper insight into the effect of electrical 
load, the output power is plotted in Figure 17 against RL for 
base excitation at resonance frequencies but with different 
excitation levels of 0.2, 0.3, 0.4 and 0.5 g. One can observe 
from Figure 17 that, again, at each excitation frequency 
(which is, in fact, not limited to resonance frequencies), there 
exists an optimal value of RL that maximizes power gener
ation. Also, the figures reveal that the optimized values of RL 
(at various excitation frequencies) are almost independent of 
the level of input excitation for the proposed linear scavenger. 

Figure 14. Open-circuit voltage frequency response for different excitation 
amplitudes (RL ¼ 10 GX).

Figure 15. Voltage and power outputs versus the electrical load (base 
Acc. ¼ 0.1 g).
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However, in practice, the proposed scavenger can always 
operate at its optimal condition (i.e. consistently generating 
maximum power) by using a variable electrical load [46] that 
adjusts according to the base excitation frequency.

Depending on the dynamic characteristics of ambient 
vibration in a target application and the available space for 
implementing an energy harvester, different types of opti
mization studies can be conducted to design the harvester in 
the most effective way. For example, the geometry of the 
harvester can be optimized to achieve the highest possible 
electrical outputs for the same input mechanical energy (or 
base excitation) into the system. However, a complete opti
mization study requires knowledge of the specific target 
application, which is not the focus of the present study. 
Nonetheless, as an example, to illustrate how the geometry 

of the proposed harvester affects electrical outputs, a para
metric study is conducted, showing the impact of the plate 
width in the substrate part (denoted as ‘a’ in Figure 1(b)) on 
the output voltage. Assuming the OC electrical condition, 
the voltage frequency response of the harvester as a function 
of the excitation frequency is plotted in Figure 18 for differ
ent values of a, ranging from 10 mm to 70 mm. It is seen 
from the figure that increasing the width of the plate leads 
to a harvester with lower resonance frequencies associated 
with the first four modes. However, the trends for the out
put voltage peaks corresponding to various modes are differ
ent. Specifically, as the value of a increases, the output 
voltage peak corresponding to the fundamental mode rises, 
while a descending trend is observed for the higher modes. 
The values of output voltage corresponding to the peaks are 

Figure 16. Voltage response of the harvester in both time and frequency domains.
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extracted from Figure 18 and listed in Table 5 along with 
the associated resonance frequencies for harvesters with dif
ferent values of a. It is concluded that increasing the value 
of a decreases the overall open-circuit voltage that can be 
generated by the harvester. As anticipated, changing this 
parameter significantly influences both the mechanical and 
electrical responses of the scavenger.

The harvester prototype allows for adjusting the width of 
the plate substrate (i.e. a) to two different values: 10 mm 
and 40 mm. For both configurations, a harmonic base exci
tation over the frequency range of 12 to 32 Hz (i.e. a sweep 
sine signal) was applied to the harvester, and the resulting 
open-circuit voltage response is presented in Figure 19. The 
experimental results, consistent with the FE model results 
presented in Figure 18, confirm that reducing the substrate 
width increases the resonance frequencies of all modes. This 
reduction leads to a decrease in the peak voltage of mode 1 
but an increase in the peak voltage of modes 2, 3, and 4.

Instead of MFC generators, PZT-5A and PZT-5H genera
tors of the same size (i.e. 28� 14� 3 mm) were also used 
separately for energy conversion, and the FE model was 
updated accordingly. The materials properties of PZT-5A 
and PZT-5H are given in Table A1 in the Appendix [47]. 
The results for a base excitation level of 0.5 g were obtained 
for three cases: Case 1: harvester with four MFC generators; 
Case 2: harvester with four PZT-5A generators; and Case 3: 
harvester with four PZT-5H generators. The results are pre
sented in Figure 20. The figure clearly shows that using 

MFC generators results in significant voltage enhancement 
across the entire frequency band, and the harvester exhibits 
lower resonance frequencies compared to a harvester inte
grated with piezoceramic generators. Specifically, with MFC 
generators, the voltage output from the first vibration mode 
is approximately 58% and 97% higher than when using 
PZT-5A and PZT-5H, respectively. These voltage enhance
ments are around 77% and 120% for the second mode, 70% 
and 111% for the third mode, and 72% and 113% for the 
fourth mode. Additionally, PZT-5A patches consistently 
demonstrate better energy harvesting performance compared 
to PZT-5H.

Figure 17. Power output versus the electrical load for various excitation amplitudes.

Figure 18. Open-circuit voltage frequency response of the harvester for differ
ent values of a (base Acc. ¼ 0.5 g).
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The substrate material in a piezoelectric vibration energy 
harvesting system is crucial as it provides mechanical sup
port for the piezoelectric layers and affects the overall mech
anical characteristics of the device such as flexibility, 
durability, and resonance frequency. Here, instead of 

Aluminum, the substrate is assumed to be made of FR4 
(with E¼ 26 GPa, q ¼ 1900 kg/m3, and v¼ 0.17 [48]), a 
composite material with high mechanical strength (tensile 
yield strength of 340 MPa). With an FR4 substrate (along 
with MFC generators and Steel proof masses), the voltage 

Table 5. Numerical results extracted from Figure 18.

a (mm)

Open-circuit voltage (V)

Total1st mode 2nd mode 3rd mode 4th mode

10 61.4 
(at 20.6 Hz)

48.9 
(at 24.3 Hz)

46.1 
(at 26.8 Hz)

45.8 
(at 29.6 Hz)

202.2

20 86.7 
(at 19.4 Hz)

38.2 
(at 23.0 Hz)

35.6 
(at 25.7 Hz)

33.2 
(at 28.4 Hz)

193.7

30 105.8 
(at 18.5 Hz)

26.6 
(at 22.5 Hz)

28.5 
(at 25.6 Hz)

27.3 
(at 28.2 Hz)

188.2

40 114.4 
(at 18.0 Hz)

20.8 
(at 22.3 Hz)

25.7 
(at 25.5 Hz)

25.0 
(at 28.2 Hz)

185.9

50 117.5 
(at 17.7 Hz)

18.5 
(at 22.2 Hz)

24.8 
(at 25.5 Hz)

24.2 
(at 28.2 Hz)

185.0

60 118.4 
(at 17.6 Hz)

17.8 
(at 22.2 Hz)

24.5 
(at 25.5 Hz)

24.0 
(at 28.2 Hz)

184.7

70 118.6 
(at 17.6 Hz)

17.6 
(at 22.2 Hz)

24.5 
(at 25.5 Hz)

24.0 
(at 28.2 Hz)

184.7

Figure 19. Open-circuit voltage output of the harvester for different values of a (experimental results).
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frequency response of the harvester to base excitation across 
the 5 to 25 Hz frequency band was calculated and is pre
sented in Figure 21. Different values of ‘a’ were also consid
ered. Figure 21 shows that both the mechanical and 
electrical responses are significantly influenced by replacing 
the Aluminum substrate with FR4. As seen, for the harvester 
with the narrowest substrate width (i.e. a¼ 10 mm), the res
onance frequencies are shifted to lower values of 13.7, 16.2, 
17.9, and 19.8 Hz for modes 1 to 4, respectively. Compared 
to the results in Figure 18 (that are for Aluminum sub
strate), the harvester with FR4 substrate generates much 
higher voltage peaks at resonance for all vibration modes.

As the final investigation in this subsection, the following 
comparison highlights the differences in electromechanical 
response between the proposed Quad-Finger harvester and a 
conventional cantilever harvester, which represents the fun
damental design for vibration energy harvesting. Figure 22
compares the peak values of voltage frequency responses of 
the two designs under a base excitation of 0.5 g for the first 
four bending modes. It is important to note that other 
vibration modes, aside from bending, are not considered 
here, as the d31-type piezoelectric patches are specifically 
used for vibration energy harvesting from bending modes. 
The cantilever harvester used for comparison shares the 
same geometry as the first beam in the Quad-Finger har
vester (see Figure 1). The substrate, piezoelectric patch, and 
proof mass are composed of the same materials (Aluminum, 

MFC 2814-P2, and Stainless Steel, respectively). As observed 
from Figure 22, the resonance frequencies of the cantilever 
harvester are significantly spaced apart for its bending 
modes, making it challenging to effectively harvest energy 
from the higher bending modes when it comes to practical 
applications. This difficulty arises from the presence of add
itional strain nodes in higher modes and the increasing 
complexity of the mode shapes. Additionally, these higher 
modes are often heavily damped, diminishing their effi
ciency for energy harvesting. Moreover, it is practically 
impossible to find an application where vibrational energy is 
consistently available over a frequency band that covers both 
the fundamental mode and the higher modes of a cantilever 
harvester. As a result, harvesting energy from the higher 
modes of a cantilever is neither practical nor efficient, as 
significantly lower voltage levels (compared to the funda
mental mode) are generated. In contrast, the proposed 
Quad-Finger harvester exhibits its first four bending-type 
modes with closely spaced frequencies, as shown in Table 5
(see also in Figure 11). These four vibration modes involve 
only the fundamental bending mode of each beam, which is 
a key advantage of the proposed harvester. Importantly, the 
harvester is capable of generating voltage from its higher 
modes (i.e. 2nd, 3rd and 4th modes), with values comparable 
to that of the fundamental mode. The fact that the first four 
resonances fall within a 10 Hz frequency band is particularly 
advantageous for practical applications, where the frequency 

Figure 20. Open-circuit voltage frequency response of the harvester with differ
ent piezoelectric materials (base Acc. ¼ 0.5 g).

Figure 21. Open-circuit voltage frequency response of the harvester with sub
strate made of FR4 (base Acc. ¼ 0.5 g).

Figure 22. Comparison of the electromechanical responses of the Quad-Finger harvester and a cantilever harvester.
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of ambient vibrations often fluctuates. This feature allows 
for effective vibration energy harvesting even when devia
tions from the first mode occur, as the higher modes can 
still be activated, leading to significant voltage generation. 
The results in the previous figures also confirm that the 
Quad-Finger harvester can harvest energy under base excita
tion, even out of resonance, as long as the excitation falls 
within the 10 Hz bandwidth that includes its first four 
resonances.

5.3. Harvester integrated with power management 
circuit

After analyzing the harvester’s performance in the frequency 
domain, it is important to simulate real-world operating 
conditions. Most electronic devices require a stable power 
source, as the charge must be rectified and accumulated 
before being supplied to the device. To address this, the pro
posed harvester was integrated with the readout circuits 
depicted in Figure 5, and the model was accordingly 
adjusted. On the other hand, the system’s dynamics and 
electronic components were simulated and analyzed in 
LTspice software (see Figure A1 in the Appendix), to opti
mize energy extraction from the piezoelectric generators. 
The circuit includes a 5 lF storage capacitor (indicated by 
C1), a 90 kX resistor (indicated by R1), Schottky 1N5817 
diodes (selected to minimize voltage drops [49]), and piezo
electric generators, represented as alternating voltage sources 
V1 to V4. Note that the 90 kX resistor was identified as the 
electrical load that place the harvester in open-circuit mode. 
This value was determined through computations performed 
in LTspice. The aforementioned electrical components were 
also implemented in the read-out circuit of the COMSOL 
model.

As a validation study, a comparison between the results 
of the COMSOL model and LTspice was performed. A 
time-domain study in COMSOL was carried out in which a 
harmonic base excitation of 0.5 g was applied to the har
vester at excitation frequency of 25 Hz. The voltage gener
ated at the terminals of the four piezoelectric generators was 
extracted for both parallel and series configurations and 
imported into the LTspice model using PWL files (see 
Figure A1). These measurements were used as inputs for the 
LTspice model, and the voltage accumulated on the capaci
tor C1 was then measured in both models, with the results 
plotted in Figure 23. It is observed that, for both parallel 
and series configurations, the voltage curves overlap entirely, 
demonstrating an excellent match between the results of the 
COMSOL and LTspice models. This validation confirms the 
accuracy of the read-out circuit simulation in the FE 
COMSOL model. Additionally, Figure 23 shows that the 
parallel configuration achieves a higher voltage in the cap
acitor compared to the series configuration. This is because, 
in a parallel setup, each cantilever independently contributes 
to charging the capacitor, maintaining the same voltage 
while summing the currents. In contrast, the series configur
ation relies on the combined voltages from each cantilever, 
but the current flow is limited by the sequential connection 

of components, leading to reduced energy storage efficiency. 
This comparison highlights the superior energy efficiency of 
the parallel configuration, offering valuable insights into 
selecting the optimal architecture for energy harvesting 
devices.

After validating the read-out circuit simulation in 
COMSOL, the finite element (FE) model was employed to 
assess the time-domain response of the Quad-Finger har
vester when excited at its fundamental resonance frequency 
(i.e. the first mode). Considering parallel electrical configur
ation for the read-out circuit, the device was harmonically 
excited with a base amplitude of 0.5 g at a frequency of 
17.9 Hz. The resulting voltage and charge outputs on the 
capacitor C1 are shown in Figure 24. It is observed that the 
harvester generates an output voltage of 45 V and 225 mC 
charge after a period of 1 s. This output is expectedly lower 
than the voltage produced by the harvester when integrated 
with a simple resistor and without additional electrical com
ponents such as diodes. The reduced voltage output is attri
buted to the electrical damping or voltage drop caused by 
the other components in the read-out circuit. The presence 
of these components, particularly the diodes, introduces 
voltage losses, reducing the energy delivered to the storage 
capacitor.

The voltage behavior across the capacitor over time illus
trates the charge accumulation process from the four piezo
electric generators. The rate at which the voltage increases 
reflects the efficiency of the piezoelectric patches and the rec
tifier circuit components in transferring charge. Achieving 
45 V in 1 s signifies a well-optimized system, where the com
ponent dimensions and the integration of the piezoelectric 
characteristics of the cantilevers with the storage mechanism 
work efficiently. This level of charge generation (i.e. 225 mC) 
demonstrates the piezoelectric system’s capacity to supply sig
nificant energy within a short time, making it promising for 
powering low-consumption devices. The effectiveness of 
charge accumulation and voltage conversion depends on both 
the mechanical behavior of the harvester and the rectification 
circuit, which converts the alternating charge into direct 
current.

Figure 23. Comparison of the results calculated from the FE and LTspice mod
els for the harvester integrated with the read-out circuit (base Acc. ¼ 0.5 g).
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5.4. A Demonstration example of the proposed 
harvester

The proposed harvester was tested in the lab to demonstrate 
its practical potential. An LED board module (with three LEDs 
commercially available from Smart Material Corporation [9]) 
was directly connected to the piezoelectric generators (while 
they are parallelly wired). The LEDs can be illuminated one by 
one depending on the frequency and the level of acceleration 
induced by shaking the harvester. For this purpose, the device 
was excited at its base at resonance frequencies, and its per
formance near the first to fourth vibration modes was moni
tored. The results, shown in Figure 25, were captured in 
photos. Notably, the harvester successfully powered one LED 
when excited at its vibration modes. As expected, higher exci
tation amplitudes would result in more LEDs being powered. 
The demonstration example highlights the practicality of the 
proposed energy harvester. Additionally, the harvester is well- 
suited for complex working environments with wide-band, 

time-varying, and random characteristics, owing to its multi
modal energy harvesting capability.

6. Conclusion

In this study, a novel Quad-Finger multimodal structure was 
proposed and experimentally tested for broadband vibration 
energy harvesting. An FE model was developed in COMSOL 
to estimate the device’s output voltage and power under har
monic base excitation. The FE model was validated against 
experimental results and simulations performed in LTspice, 
after which it was used to explore the harvester’s behavior. 
The key findings of the study are summarized as follows:

� An FE energy harvesting model was successfully devel
oped in COMSOL Multiphysics to simulate the electro
mechanical response of MFCs.

� The harvester exhibited its first four vibration modes of 
bending type, with resonance frequencies of 18.1, 22.4, 
25.9, and 28.4 Hz. As a result, the multimodal harvester 
could potentially generate electrical energy when excited 
within a frequency range including the scavenger’s reson
ance frequencies.

� The effect of load resistance on output power was inves
tigated, revealing that the output power is highly depend
ent on the resistance. The device can produce more 
power across a broad frequency range by incorporating a 
tunable load resistance.

� The proposed harvester demonstrated significantly better 
performance with MFC layers compared to typical piezo
ceramics such as PZT-5A and PZT-5H. Thus, the use of 
MFCs is highly recommended for energy harvesting 
applications.

� The results of this study provide guidelines for designing 
broadband vibration harvesters using MFCs, with the 
goal of maximizing energy harvesting performance.

Figure 24. Voltage and charge time response for the harvester with read-out 
circuit excited at its first vibration mode (base Acc. ¼ 0.5 g).

Figure 25. An example of practical application of the proposed harvester.
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� When the read-out circuit was integrated, the harvester 
generated an output voltage of 45 V in open-circuit 
mode within 1 s. Using diode bridges in a parallel config
uration, rather than in series, allows for higher voltage 
output, faster capacitor charging, and improved stability 
and safety. This setup protects the circuit from overloads 
while ensuring more uniform charge distribution across 
the system.

The system demonstrates notable efficiency in converting 
mechanical energy into electrical energy. Achieving the opti
mal balance between piezoelectric coupling and the dynam
ics of the read-out circuit enhances the overall energy 
harvesting performance by maximizing charge generation 
and transfer to the storage circuit.

The Quad-Finger harvester may have various practical 
applications, particularly in wireless sensor networks 
(WSNs), where power is limited or inaccessible. By harvest
ing ambient vibrations, it can provide a sustainable energy 
source, reducing reliance on traditional batteries and associ
ated maintenance costs. Additionally, the system holds 
potential for safety-critical applications, including medical 
implantable devices for pressure monitoring, sensors to stent 
transmitters, and pacemakers, ensuring a constant and reli
able power supply.

Future works will focus on optimization studies to 
enhance the harvester’s electrical output for specific target 
applications. Additionally, refinements to the experimental 
setup are planned, including the integration of a complete 
read-out circuit and other essential electronic components, 
with the goal of developing a fully autonomous sensor node 
powered by the energy harvester. This device is aimed to 
eventually be tested in real-world applications to evaluate its 
performance under practical conditions.
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Appendix  

The material properties of PZT-5A and PZT-5H are provided in Table 
A1, and the read-out circuits, simulated in LTspice, are illustrated in 
Figure A1.

Table A1. Mechanical and electrical properties of PZT materials.

Properties PZT-5A PZT-5H

Elastic moduli (GPa)
C11 99.2 127.2
C12 54.0 80.2
C33 86.9 117.4
C13 50.8 84.7
C55 21.1 23.0
C66 22.6 23.5
Dielectric moduli (nF/m))
2r

11 15.3 15.1
2r

33 15.0 12.7
Piezoelectric moduli (C/m2)
e31 −7.2 −6.6
e33 15.1 23.2
e15 12.3 17.0
Density (kg/m3)
q 7750 7500
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Figure A1. Read-out circuit simulated in LTspice (a) parallel configuration (b) series configuration.
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