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CLAUDIO D. GATTI, JOSÉ M. RAMIREZ, MARIANO FEBBO AND SEBASTIÁN P. MACHADO

In a conventional transport vehicle, only about 10% to 16% of the energy from the fuel is used to move
it down the road. The rest of the energy is lost in the brakes, transmission, engine, accessories, rolling
resistance, aerodynamic drag, and idle losses. Among all of these, the largest loss is the energy lost in
the engine (approximately 63%), which is mostly wasted as vibration. Our work develops an energy
harvesting device that is capable of collecting energy for different gear ratios in a car. For this reason,
the structural design is oriented to create a harvesting structure with several resonant modes in a fre-
quency bandwidth between 1600 rpm–4600 rpm, which was the range obtained through driving tests in
a conventional diesel car. The harvesting device is based on a piezoelectric fiber composite beam with a
high fatigue resistance placed in the middle of two mass-spring systems, which provide the multimodal
character of the device. A one-dimensional analytical model based on a Lagrangian formulation is
used to predict the dynamical behavior of the device. The equations provide a very good quantitative
description of the system, which is also modeled with a three-dimensional finite element code (Abaqus)
for numerical validation. Experimental tests are then carried out and compared with theoretical findings.
The results show a very good agreement between both of them, revealing the multimodal nature of the
device in the operating bandwidth, with a significant output power for different engine speeds, sufficient
to feed low-power monitoring wireless systems.

1. Introduction

Energy harvesting is a subject of great importance in the scientific world. In the area of transport vehicles
(land, sea, or air) that use combustion engines for propulsion, fuel consumption involves two main draw-
backs. Firstly, there is environmental contamination and thus degradation of the ozone layer due to the
emission of polluting gases from the incomplete combustion of fuel. From this point of view, reducing its
consumption implies a reduction of greenhouse gases, and thus less damage to the atmosphere. Secondly,
fossil fuels are nonrenewable natural resources. This means that in the near future there will be a fuel
shortage if current consumption trends continue. In this context, it is important to implement energy
harvesting techniques in order to minimize these drawbacks [Xiao and Wang 2014].

Energy harvesting can be obtained from solar, wind, tidal, kinetic, thermal sources, or mechanical
vibrations, the latter being the object of study of this work. After the source has been defined, the energy
can be recovered through electromagnetic devices, thermoelectric, or piezoelectric materials [IEE 1988;
Erturk and Inman 2011], among others.

The use of piezoelectric materials that take advantage of mechanical deformations caused by vibration
is of great interest for generating an electric potential difference. Piezoelectric materials have been used
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in different device variants, such us axial cymbals [Kim et al. 2004; 2006; Ren et al. 2010], corrugated
piezoelectric springs [Harne 2013], linear [Ramirez et al. 2017; Van Blarigan et al. 2015] and nonlinear
piezoelectric beams [Harne and Wang 2013], aeroelastic systems [He and Gao 2013; Bibo and Daqaq
2013], and multilayer stacks [Xu et al. 2013]. Most of them are designed to work at resonance, where
the system is capable of recovering maximum energy due to the large deformations in the piezoelectric
material. The main disadvantage of this approach is that the systems are efficient for a single excitation
frequency (single-mode generation), which has to be coincident with one of the natural frequencies of the
harvesting device. As soon as the excitation frequency moves away from this condition (off-resonance
condition), the generated voltage drops abruptly. With the intention of overcoming this situation, more
sophisticated proposals of energy harvesting devices have implemented multimodal systems in order to
have multiple resonant modes in the range of possible excitation frequencies [Sadeqi et al. 2015; Zhu
et al. 2010; Rezaei-Hosseinabadi et al. 2016].

In the industry of transport vehicles, various energy harvesting devices have been used mainly to
feed low-power wireless transmitters. Some of the most important works are based on rotational energy
[Roundy 2008; Wang et al. 2010; 2013] or deformation of the tires [Lee et al. 2012]. Another important
issue is energy recovery by means of the vehicle’s suspension dampers [Zhang et al. 2007; 2012; Zuo
and Zhang 2013], where a large amount of energy can be collected. However, there are few works
that consider energy recovery from engine vibration. For example, Glynne-Jones et al. [2004] proposed
an electromagnetic microgenerator mounted on the top of the engine block of a car with an average
generation of 157µW. Therefore, the possibility of harvesting energy from engine vibrations using a
piezoelectric generator is addressed in this paper.

There are several different issues that can be explored for developing this investigation. We will focus
on the two that we consider central in this case:

(a) the recovery of the maximum possible energy over a well-defined bandwidth, and

(b) the long fatigue life of the piezoelectric beams.

Our proposal attempts to give a solution to these important problems. For the first issue, we propose a
multimodal system with multiple resonant modes in a well-defined range of frequencies. This operating
bandwidth will be defined by making a drive test in a conventional car in our city at normal speed. For
the second issue, we will use a composite beam of interdigitated electrodes and piezoelectric fibers of
PZT-5A [Nelson et al. 2003; Beckert and Kreher 2003; Bowen et al. 2006; Hareesh et al. 2012; Lin et al.
2013] as the harvesting device. The selected piezofiber composite has significant advantages over other
conventional piezoelectric sheets. Firstly, the longitudinally oriented piezofibers give large flexibility to
the sheets, and thus long fatigue life, which enables large strains and therefore more power generation
[Beckert and Kreher 2003]. Secondly, the electric field is established in the longitudinal direction due
to the arrangement of the interdigitated electrodes. This makes the power generation with piezoelectric
charge coefficient d33 (polarization in same direction of stress applied) being larger than with piezoelec-
tric charge coefficient d31 (polarization in perpendicular direction of stress applied) [Uchino 1997].

Considering these preliminary issues, the paper is organized as follows. In the first section, the one-
dimensional structural model together with the electromechanical Lagrange’s equation and their solutions
are sketched. In Section 2 we define the design parameters of the harvester and perform a computational
validation of the results of the first section. In Section 3, details of the experimental tests and a comparison
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between analytical and experimental voltage measurements are presented. Finally, some conclusions are
drawn to show the advantages of the proposed system.

2. Dynamical modeling and electromechanical equations

Figure 1, left, shows the proposed device, which consists of a composite beam with two mass-spring
systems at the ends of the beam that provide the appropriate boundary conditions. By means of this
model, it is possible to modify the multimodal response by varying the parameters such as the masses
and springs. The composite beam consists of a central stainless steel structure with two piezoelectric
fiber composites (PFCB-W14 from Advanced Cerametrics Inc.) attached to the upper and lower surfaces
(see Figure 1, right). Both piezofiber composites are connected in parallel constituting a bimorph electric
system. The only thing the device is subjected to is the base excitation provided by the vehicle’s engine,
generating a voltage difference between the electrodes of the bimorph. In Figure 1, left, g(t) is the
temporal base excitation, L is the length of the composite beam, m1,2 are the masses, k1,2 are respectively
the vertical stiffnesses of the springs at the ends x = 0 and x = L , and kt1,t2 are respectively the torsional
stiffnesses of the springs at the ends x = 0 and x = L . In Figure 1, right, bp, h p, bs and hs are the width
and thickness of the piezofiber composite, and the width and thickness of the stainless steel structure,
respectively.

2.1. Electromechanical model of the system. The beam is modeled according to the Bernoulli–Euler
formulation [Rao 2007], considering only the vertical displacement. A Lagrangian approach [Meirovitch
and Parker 2010] was used to build the system of differential equations. In the following description,
the x , y, and z shown in Figure 1 correspond to axes 1, 2, and 3, respectively. The idea is to have an
analytical model that allows the simple dimensioning of the multimodal device according to the range
of interests that will be defined later.

The vector form of the displacement field is defined (disregarding the axial displacement and including
the temporal base excitation) as

u = [ux u y uz]
t
= [−z∂w(x, t)/∂x 0 w(x, t)+ g(t)]t , (1)

where w(x, t) is the transverse displacement of the neutral axis at point x and time t .
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Figure 1. Harvester device. Left: scheme of the system model. Right: cross-sectional
view of composite beam.
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Figure 2. Schematic view of the piezofibers composite. Top: real piezofiber compos-
ite PFCB-W14 from Advanced Cerametrics Inc. (168 fingers). Left: geometric detail
of only four “fingers” of the electrodes. Right: cross-sectional view of the fibers and
electrodes showing the generated electric field.

The longitudinal strain is given by

ε11 =
∂ux

∂x
=−z

∂2w(x, t)
∂x2 . (2)

From Hooke’s law, the stress generated in the steel structure is

σ s
11 = Esε11 =−Esz

∂2w(x, t)
∂x2 , (3)

where E is the Young’s modulus of the substructure (steel beam). Based on the constitutive equation of
the piezoelectric material [IEE 1988], and considering only the x component of the electric field, then

σ
p

11 = E pε11− ē11 E1 =−E pz
∂2w(x, t)
∂x2 − ē11 E1, (4)

where ē11 = d11 E p is a piezoelectric constant and E p is the Young’s modulus of the piezoelectric sheet.
Furthermore, the electric field generated in the longitudinal direction E1 can be modeled with sufficient
accuracy by [Nelson et al. 2003]

E1 =−
vC(t)

lp
, (5)

with lp being the distance in the x direction between the fingers of the positive and negative electrodes
of each piezofiber composite (see Figure 2).

Now, the total potential energy of the system U is the sum of the potential energy of the beam Ub and
springs Uk1 and Uk2. i.e., U =Ub+Uk1+Uk2. Thus, the expression of the potential energy of the beam
is given by [Erturk and Inman 2011]

Ub =
1
2

(∫
Vs

εtσ dVs +

∫
Vp

εtσ dVp

)
. (6)

The first and the second volume integrals within the parentheses of (6) concern the steel structure and
the piezoelectric element, respectively.
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symbol quantity value

As cross sectional area of the steel structure bshs

Ap cross sectional area of the piezoelectric elementa 2bshs

Is moment of inertia of the steel structure 1
12(bsh3

s )

Ip moment of inertia of the piezoelectric elementa bph p
( 2

3 h2
p + h phs +

1
2 h2

s
)

Jp coupling coefficienta [ē11bph p(h p + hs)]/ lp

C p internal capacitance of the piezoelectric elementa (2nbph p ε̄
ε
11)/ lp

aTotals for the entire beam (bimorph) connected in parallel.

Table 1. Geometric and electrical coefficients.

Developing the above equation yields

Ub =
1
2

E I
∫ L

0

(
∂2w(x, t)
∂x2

)2

dx − 1
2

JpvC(t)
∫ L

0

∂2w(x, t)
∂x2 dx, (7)

where Jp is the electromechanical coupling coefficient, E I = Es Is + E p Ip is the flexural rigidity of the
entire beam, and Is and Ip are the cross-sectional area moments of inertia of the structure and the piezo-
electric element, respectively. The calculated expressions for these geometric ratios are shown in Table 1.

Considering the vertical and torsional deformation, the elastic potential energy of the springs becomes

Uki =
1
2

[
kiw(x j , t)2+ kti

∂w(x j , t)2

∂x

]
, i = 1, 2, x j = 0, L , (8)

where ki are the vertical stiffnesses and kti are the torsional stiffnesses of the springs.
Similarly, the total kinetic energy of the system T is the sum of the kinetic energy of the beam Tb and

end masses Tm1 and Tm2, i.e., T = Tb+ Tm1+ Tm2. Thus, the kinetic energy of the beam is [Erturk and
Inman 2011]

Tb =
1
2

(∫
Vs

ρs
∂ut

∂t
∂u
∂t

dVs +

∫
Vp

ρp
∂ut

∂t
∂u
∂t

dVp

)
, (9)

where ρs and ρp represent the mass density of the steel and the piezoelectric element, respectively. After
some algebra, (9) reads

Tb =
1
2ρA

∫ L

0

[
∂w(x, t)2

∂t
+ 2∂w(x, t)

∂t
ġt + ġ(t)2

]
dx, (10)

where ρA= ρs As +ρp Ap is the mass per unit length of the beam, and As and Ap are the cross-sectional
areas of the steel structure and the piezoelectric sheet, respectively (see Table 1).

Taking into account the rotational inertia and vertical movement, the kinetic energy of the masses
becomes

Tmi=
1
2 mi

[
∂w(xi ,t)2

∂t
+2

∂w(xi ,t)
∂t

ġ(t)+ ġ(t)2
]
+

1
2 Ji

(
∂2w(xi ,t)
∂t∂x

)2

, i=1,2, x1=0, x2=L . (11)

The equivalent electric circuit for the PFCB-W14 piezofiber composite used in this work is schemat-
ically shown in Figure 3. It consists of a current generator and two capacitive-resistive impedances
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Figure 3. Equivalent electrical circuit of the PFCB-W14 piezofiber composite bimorph.

(C p1,2-Rp1,2) connected in parallel, representing each piezoelectric sheet. In practical situations, the
output voltage is rectified and conditioned by a DC-DC converter, for example, to store the power in
a battery or a supercapacitor. However, a resistive load resistance RL is added here as an output load
in order to easily calculate the output power, which has been previously used in similar works by other
authors [Erturk and Inman 2011; Ramirez et al. 2017].

In order to compute the electric potential energy, we must take into account its integral representation
as expressed in [Erturk and Inman 2011]:

Wie =
1
2

∫
Vp

E1 D1 dVp, (12)

where the electric displacement is defined from the linear constitutive equation for piezoelectric materials
as D1 = ē11ε11+ ε̄

ε
11 E1 [IEE 1988], with ε̄ε11 being the permittivity of the piezoelectric sheet at constant

strain.
The expression for the electric power is obtained by using D1 and E1 as

Wie =
1
2 n JpvC(t)

∫ lp

0

∂2w(x, t)
∂x2 dx + 1

2C pvC(t)2, (13)

where C p (see Table 1) is the total internal capacitance of both piezoelectric sheets (connected in parallel)
as shown in Figure 3.
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position
shear moment

(Es Is + E p Ip)φ
′′′

i (x) (Es Is + E p Ip)φ
′′

i (x)

at 0 φi (x)(m1ω
2
− k1) φ′i (x)(k1t − J1ω

2)

at L φi (x)(k2−m2ω
2) φ′i (x)(J2ω

2
− kt2)

Table 2. Boundary conditions.

The damping of the system is modeled using the Rayleigh dissipation function [Mohammad et al.
1995], whose full expression R is the sum of the energy dissipation of the beam Rb and springs Rk1 and
Rk2, i.e., R = Rb + Rk1+ Rk2. Considering a modal damping coefficient for the beam rb = 2ξi mbωni ,
where ξi is the modal damping ratio, mb = ρAL is the mass of the entire beam, and ωni is its natural
frequency of the i-th vibration mode, then the final expression for the dissipation of the beam, after
integrating the mass density in the total volume, is

Rb = ξiωniρA
∫ L

0

∂w(x, t)2

∂t
dx . (14)

In this work, we decided to neglect the damping in the springs and attribute the total dissipation to the
beam, yielding R = Rb.

2.2. Spatial discretization of the energy equations and electromechanical Lagrange equations. One
of the commonly used procedures to obtain an analytical solution to Lagrange’s equation is by the spatial
discretization of the energy equations and Rayleigh dissipation function by applying the standard modal
expansion method to the separation of variables [Weaver Jr. et al. 1990]. In this method, the deflection
of the beam is represented as a finite sum of N generalized temporal displacements qi (t) and normalized
mode shape functions φi (x):

w(x, t)=
N∑

i=1

φi (x)qi (t). (15)

Mode shape functions, which satisfy the boundary conditions presented in Table 2, are given by

φi (x)= C1 cos(βi x)+C2 cosh(βi x)+C3 sin(βi x)+C4 sinh(βi x), (16)

where the eigenvalues βi are related to the respective natural frequencies by

ωni = (βi L)2
√

E I
ρAL4 . (17)

Constants C1, C2, and C3 are obtained from the boundary conditions, and C4 is obtained from mass-
normalized modal shape functions.

Finally, by applying Lagrange’s formulation, the following equations are obtained:

d
dt

(
∂T
∂ q̇i

)
+
∂U
∂qi
+
∂R
∂ q̇i
−
∂Wie

∂qi
= 0, (18)

∂U
∂v
−
∂Wie

∂v
= Qe, (19)
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where Qe is the electrical charge whose time derivative gives the electrical current as Q̇e = v(t)/RL .
After replacing U , T , Wie, and R into (18) and (19), and deriving (19) with respect to time, two matrix

equations are obtained that give the electromechanical behavior of the system:

Mq̈+ Rq̇+ K q− θ̃vC = f , (20)

C pv̇c+
v

RL
+ θ̃

t
q̇ = 0. (21)

In (20) the mass, damping, and stiffness matrices are defined as

M =

m11 · · · 0
...

. . .
...

0 · · · m N N

 , (22)

where

mi i = ρA
∫ L

0
φiφ j dx +m1φi (0)φ j (0)+ J1φ

′

i (0)φ
′

j (0)+m2φi (L)φ j (L)+ J2φ
′

i (L)φ
′

j (L), (23)

R =

r11 · · · 0
...
. . .

...

0 · · · rN N

 , (24)

with

ri i = 2ξiωniρA
∫ L

0
φiφ j dx + r1φi (0)φ j (0)+ r2φi (L)φ j (L), (25)

K =

k11 · · · 0
...

. . .
...

0 · · · kN N

 , (26)

where

ki i = E I
∫ L

0
φ
′′

i φ
′′

j dx + k1φi (0)φ j (0)+ k1tφ
′

i (0)φ
′

j (0)+ k2φi (L)φ j (L)+ k2tφ
′

i (L)φ
′

j (L). (27)

The electromechanical coupling vector and force vector are

θ̃ = [θ1 · · · θN ]
t , (28)

with

θi = Jp[φ
′

i (L)−φ
′

i (0)], (29)

f = [ f1 · · · fN ], (30)

where fi =−σi g̈(t) and σi = ρA
∫ L

0 φi dx +m1φi (0)+m2φi (L).
To solve (20) and (21), a harmonic base excitation [Meirovitch and Parker 2010] is proposed in the

form of g(t)=W0eiωt , with W0 being the semiamplitude of the displacement of the base.
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Now, assuming a harmonic dependence of all the variables,

q = Qeiωt , (31)

vC = VC eiωt , (32)

v = V eiωt , (33)

and using VC = V , the modal displacement vector Q is obtained after replacing (31)–(33) into (20) and
(21):

Q = 0−1 F, (34)

where F =−σω2W0 is obtained from fi and g(t), and 0 results in

0 =−ω2 M + iωR+ K + iω
[

iωC p

(
Rp

RL
+ 1

)
+

1
RL

]−1

θ̃ θ̃
t
. (35)

Finally, after obtaining the modal displacements and making use of (21) and (31)–(33), the final
expression for the complex voltage applied to the load resistance RL is

V =−iωZeq θ̃
t
Q, (36)

where Zeq = (iωC p + 1/Rl)
−1 is the equivalent impedance of the entire electrical circuit model.

It is useful to present the results in the form of power for practical comparisons. In this case, the
electric power in the load resistance is simply computed as

P =
V 2

RL
. (37)

3. Harvester design and computational validation

Prior to setting the experimental tests for the harvesting device, we decided to develop a three-dimensional
computer model to validate the proposed analytical approach. The selection of the masses and spring
sizes of the harvester, which represent its main parameters and determine its natural frequencies, were
calculated from a drive test in a car on the streets of our home city of Bahía Blanca. In this way, it was
possible to observe the most frequent range of engine revolutions of the car in order to determine the
range of frequencies in its normal operating mode.

The test was carried out with a four-stroke Citröen C4 Diesel 1.6 HDi instrumented with a Firelog
Extreme Microtex GPS data acquisition system.

Figure 4 shows the route of the drive (upper figure) and the measured working range, rpm vs. time
(lower figure). Taking into account that in the case of four-stroke engines the excitation frequency is
twice the rotation of the engine [Lin and Ding 2013], the spring-mass systems for the beam ends were
computed with the mechanical parameters presented in Table 3. In order to do this calculation, we made
the natural frequencies of this multimodal device to be inside the bandwidth defined by Figure 4.

Once the parameters of the harvester were defined, the computational model was developed using
Abaqus simulation software. The finite element mesh can be observed in Figure 5. In the model, 15400
eight-node piezoelectric linear brick elements (C3D8E) were used for the piezoelectric sheets, 26477
ten-node quadratic tetrahedron elements (C3D10) for springs, and 8892 eight-node linear brick elements
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Figure 4. Rpm vs. time of a Citröen C4 engine for a short city drive.

Figure 5. Abaqus 3D model of the harvesting device.

(C3D8R) for the rest of the steel parts. The test was performed in a single-step frequency mode, extracting
the first seven vibrational modes. A list of the numerical values used in the calculations is presented in
Tables 4 and 5.

Figure 6, left, shows a comparison between the first three flexural mode shapes obtained with ana-
lytical and Abaqus calculations. In all three cases, a very good agreement between our proposed one-
dimensional model and the three-dimensional finite element method is observed. As it was one of the
main objectives of the mechanical design, the first two frequencies (73 Hz and 92 Hz) are within the
range of major use of the engine in the city drive.
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description value unit

m1 mass at x = 0 19.1 gr
m2 mass at x = L 6.09 gr
J1 rotational inertiaa at x = 0 3.35× 10−7 kg ·m2

J2 rotational inertiaa at x = L 5.86× 10−8 kg ·m2

k1 vertical stiffnessb at x = 0 5460 N/m
k2 vertical stiffnessb at x = L 3847 N/m
kt1 flexural stiffnessb at x = 0 0.68 N · rad/m
kt2 flexural stiffnessb at x = L 1.20 N · rad/m

aOf the mass at the ends.
bOf the spring at the ends.

Table 3. Mechanical parameters.

description steel structure piezoelectric element

b width (mm) 12.7 10.3
h thickness (mm) 0.4 0.4
ρ density (kg/m3) 8035 3750
E Young’s modulus (GPa) 180 15.2
L length (mm) 125 125

Table 4. Numerical parameters of the beam.

description value unit

d11 piezoelectric charge constant 375 pm/V
ε̄ε11 electrical permittivity 13.1 nF/m
Rl load resistance 248 k�
C p internal capacitance 56.79 nF
lp “finger” length 0.32 mm
n number of “fingers” 168 –

Table 5. Electrical parameters.

Figure 6, right, presents the 3D flexural mode shapes from the finite element method, together with the
values of speed and gear transmission where these modes can be excited [Shigley 1972]. It is possible to
observe that each natural mode is excited for many velocities or gear ratios except the third mode. This
clearly demonstrates the ability of the proposed device to be in resonance for a large set of speeds.

4. Experimental validation and results

In this section, experimental tests are carried out to validate the numerical and simulation results obtained
in Section 3. Figure 7, top, shows the experimental setup, consisting of a function generator (Rigol
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MODE 1

MODE 2

MODE 3

Analytical
Abaqus

f = 73 Hz

ω = 2190 rpm

Analytical
Abaqus

f = 92 Hz

ω = 2760 rpm

Analytical
Abaqus

f = 138 Hz

ω = 4140 rpm

L(m)

Velocity 19 35 56 79 km/h
Gear Ratio 1st 2nd 3rd 4th

Velocity 71 100 124 km/h
Gear Ratio 3rd 4th 5th

Velocity 187 km/h
Gear Ratio 5th

Figure 6. First three flexural mode shapes: comparison between the analytical and com-
putational models.

DG4062) connected to a signal amplifier feeding a shaker, which excites the base of the device by variable
acceleration. This acceleration signal is measured using a Wilcoxon Research 780C accelerometer, which
is connected, together with the output voltage of the harvester, to a Pasco Science Workshop 750 data
acquisition interface. A picture of the device is presented in Figure 7, bottom. In this last figure, the
boundary conditions of the composite beam are shown in detail, where the construction method of the
mass-spring systems can be observed.

Experimental data are then measured by performing a frequency sweep from 30 Hz to 180 Hz over
60 seconds. During this time interval, the accelerometer data and the piezoelectric voltage are recorded
and their fast Fourier transform (FFT) are computed in order to obtain the voltage/acceleration frequency
response functions in V/G units (G = gravity acceleration). The frequency is sweep up and down
verifying the linear behavior of the device. The results for a load resistance of 248 k� and a peak base
acceleration of 0.3G are shown in Figure 8. This selected value of the load resistance is due to a limitation
of ±5 V in the input voltage of the data acquisition board. As it can be observed, the experiments and
theoretical results agree reasonably well for the peaks at 73 Hz (51 V/G) and 140 Hz (15 V/G), which
correspond to the first and third analytically predicted vibration modes (second and fifth experimental
modes), but not so well for the second peak. In the latter case, the analytical model predicts a more
conservative scenario along with a shift in frequency between the analytical and experimental values.
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Figure 7. Experimental setup. Top: general scheme. Bottom: detailed view showing
the shaker, the device and the accelerometer.

Additionally, the experiments show some additional peaks at around 60 Hz and 75 Hz (first and third
modes indicated in Figure 8) that are not predicted by the analytical model. Even though it is not easy to
predict the source of these discrepancies, we think that they may be due to some unmodeled effects of the
actual harvesting device. Although initially the device was thought to have only vertical displacements,
the size of the springs, the amount and distribution of the adhesive layer to bond them to the beam, and
the imperfections in the boundary conditions (for example, the joint between the spring and the mass in
the beam ends) were not taken into account in the mathematical model and hence do not fit into it.

In order to gain some insight into the source of these differences, we apply Abaqus software to de-
termine the spatial shape in a tridimensional view of the vibration modes. The results are presented in
Figure 9, where it is determined that the first peak of the experimental curve (around 60 Hz) corresponds
to a lateral (y-direction) vibration mode (Figure 9, left), while the third peak of the same curve (near
75 Hz, Figure 8) corresponds to a first torsional mode of the system (Figure 9, right). As it can be deduced,
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Figure 8. FFT voltage per unit acceleration of gravity in the experimental test for RL = 248 k�.

Figure 9. Additional three-dimensional modes generated using Abaqus that were not
included in the analytical model. Left: first mode (lateral). Right: third mode (torsional).

it is not possible to analytically predict these additional lateral and torsional modes, and therefore they
do not appear in the analytical curve presented in Figure 8. In order to fix this, a more complex model
that takes into account the finite size of the springs, for example, must be proposed. However, from an
energy harvesting perspective, the presence of these additional modes, although not predicted, enlarges
the zone where the device is in resonance or near resonance condition, thus increasing the amount of
recovered energy.

Regarding power generation for different acceleration regimes, we use an accelerometer to measure
the peak acceleration, shown in Figure 10 (points), as a function of engine rotation velocity (the line
represents the tendency). By means of this figure, it is possible to obtain the maximum electrical power —
see (37) — for different rotational speeds. For example, at 2200 rpm the acceleration is 2.45G (Figure 10),
and the maximum generation increases to 51 V/G (see Figure 8). For a load resistance of 248 k�, this
output represents a harvested peak power as large as 63 mW.

It must be noted that a previous work reported a similar device based on an electromagnetic rather
than a piezoelectric harvester [Glynne-Jones et al. 2004]. In that approach, a microgenerator of 21 mm×
15 mm×10 mm harnessed a peak power of 3.9 mW, representing a power density of nearly 1.25 mW/cm3.
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Figure 10. Engine acceleration level based on rpm.

Figure 11. Electrical power as a function of load resistance for each speed measurement.

Our system, on the other hand, collected a power density of 13.5 mW/cm3, thus obtaining more than ten
times as much. This reveals a high power density in the case of the piezoelectric device (our proposal),
in agreement with previous findings [Priya 2007].

Finally, the variation in output power with load resistance RL for different frequencies of engine
rotation near the principal resonance is shown in Figure 11. It can be observed that each rotating speed
has a single resistance value which maximizes the output power. For example, maximizing the load
resistance at 2200 rpm yields a maximum power of 167 mW with a load resistance of 37.8 k�. As soon
as other frequencies are considered, this maximum value decreases and the same occurs with the optimum
resistance, which is a clear indication of the frequency-dependent nature of this value (see for example
[Machado et al. 2015]). The same occurs for the rest of the resonances of Figure 8, indicating that a
different optimal resistance can be found for those cases. This clearly suggests that the obtained output
power values can be improved by an optimization procedure.

Summing up, sufficient analytical and experimental evidence are presented supporting the reliability
of the proposed multimodal device to meet the requirements of energy recovery for different speed
conditions, both in the city (low speeds) and highway (high speeds, see Figure 8).

5. Conclusions

In this work, an energy harvesting device that can collect energy in a car for different gear ratios is
presented. The structural design provides an alternative to the common cantilever beam type of design
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to harvest energy in a range of frequencies between 1600 rpm–4600 rpm, which is the range obtained
in a drive test with a conventional diesel car. To this end, a piezoelectric energy harvesting device
comprising a piezofiber composite with interdigitated electrodes and two mass-spring systems with large
flexibility is proposed. The selected PFCB-W14 (from Advanced Cerametrics Inc.) piezobeam seems to
be a good choice for both increasing harvesting energy through the use of the piezoelectric constant d33

and providing long fatigue life. In the mechanical design, two spring-mass systems at the ends of the
beam are included to introduce multiple modes in a frequency that spans the engine’s angular velocities.
An analytical model based on Lagrangian formulation is developed and solved to predict the dynamic
behavior of the system. In a first step towards its validation, ABAQUS software was used to compare the
validity of the analytical predictions. The results show that, even though the analytical model predicted
most frequencies and modes, a lateral (off-plane) and a torsional mode remained absent in the formulation
due to the inability of the model to capture off-plane (vertical) modes.

A set of experiments at different engine speeds was carried out for the proposed system. The results
demonstrate good agreement between analytical, computational, and experimental data, showing the
accuracy of the models and the relevance of the mechanical design. As for voltage generation over the
frequency bandwidth span by engine rotation, a sustained voltage generation over 10 V/G is reported
for the 1600 rpm–2600 rpm range (city journey), with a predicted maximum output power of 63 mW
(51 V/G) at 2200 rpm. For a highway journey (2600 rpm–4600 rpm), the generation is not so large,
except in the vicinity of the third/fifth analytical/experimental mode, where voltage grows considerably.
Finally an optimization of the load resistance is sketched, demonstrating that these large values can
be also increased by a proper optimization procedure. In summary, the proposed harvesting device
largely suffices the energy demand to feed low-power automotive sensors. After a comparison with other
similar devices, our piezoelectric-based proposal provides a power density solution ten times larger than
its electromagnetic counterpart.

Future research should study a delivery method for the harvested power to a storage device in a
continuous and stabilized manner by means of AC-DC and DC-DC converters. Finally, the ultimate
validation of the model will take place by mounting the device in a car and rolling it down the streets.
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