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Abstract. The search for sustainable and renewable forms of energy supply has led to the development of new and creative
ways to convert available environmental energy into useful electrical energy. In this regard, mechanical energy sources
such as vibrations, wind, and ocean waves, are abundant and can be harnessed to power from small electronic devices to
small urban centers. Electromagnetic converters, piezoelectric materials, triboelectric structures, and magnetostrictive
materials can be cited as viable options for energy harvesting, each with its own set of advantages and disadvantages.
Energy harvesting systems that combines multiple transducer mechanisms have emerged as a promising trend in recent
literature, as it has the potential to enhance energy harvesting capacity. Additionally, to ensure maximum efficiency in
real-world applications, it is important to be able to harvest energy from multiple directions. This feature can be achieved
by means of pendulum structures that can diffuse energy between directions within the system. This study investigates
the combination of hybrid transducers and multidirectionality by analyzing a prototype of a hybrid electromagnetic-
piezoelectric multidirectional energy harvester. Numerical analysis of the prototype are performed offering valuable
insights about this type of electromechanical system. Results reveal that the addition of pendulum structures associated
with hybrid transduction schemes can enhance energy harvesting performance significantly.

Keywords: Multidirectional Energy Harvesting, Smart Materials, Nonlinear Dynamics, Pendulum Structures, Hybrid
Electromechanical Systems.

1. INTRODUCTION

The continuous evolution of semiconductor technology is enabling the reduction of power consumption in electronic
systems (Zhu et al., 2020). This trend has sparked a growing interest in the potential of environmental mechanical energy
sources, such as vibrations, sound, wind, and sea waves, as a viable alternative to traditional batteries and small-to-
medium-sized systems. These sources of mechanical energy offer an attractive solution to the challenge of sustainable
energy, with the ability to power a wide range of devices, from small electronics to small urban centers (Toprak and Tigli,
2014).

In order to harness the available mechanical energy in the environment and effectively convert it into electrical energy,
the implementation of transduction mechanisms is essential. Electromagnetic converters, triboelectric structures and
piezoelectric materials can be enumerated as some existing strategies to achieve this goal. Eletromagnetic harvesters
rely on the principle of electromegnetic induction and are commonly used in robust applications, ranging from micro
to large scale applications (Cepnik et al., 2013). In contrast, triboelectric structures use friction between two materials,
typically polymers, to create an electric potential between two surfaces, making them more compact and suitable for
nano to micro-scale applications (Haroun et al., 2022). Lastly, piezoelectric materials are a class of smart materials that
can convert mechanical to electrical energy through the reversible process of direct piezoelectric effect, which produces
a proportional charge as a result of the application of a mechanical stress. Piezoelectric transducers can be applied to
harvest energy from micro to large-scale applications (Clementi et al., 2022).

In terms of efficiency in real applications, the hybridization strategy of mechanical energy harvesters utilizing different
types of transducers is a trend in literature. By combining different types of transducers, the hybridization approach can
exploit the unique advantages of each transducer, resulting in a greater energy harvesting capacity. Depending on the
combination of transducers, various applications can be realized. For instance, Chung et al. (2021) utilized a Kresling
origami structure that combined a rotational triboelectric and piezoelectric/triboelectric nanoconverters in contact mode.
This innovative approach allowed the structure to take advantage of the rotational movement, the generated strain and
contact, resulting in a better energy harvesting performance. Similarly, Zhong et al. (2015) utilized both electromagnetic
and triboelectric transducers to build a hybrid energy harvester based on rotation to scavenge biomechanical energy
as a mobile power source. Other researchers have also reported the use of various hybrid devices showing improved
performance through the utilization of different conversion strategies (Yang and Cao, 2019; Halim et al., 2019; Gao et al.,
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2020; Xiao et al., 2022). By leveraging the benefits of multiple transducers, hybrid energy harvesters can pave the way
for more efficient and practical energy harvesting solutions.

Many of the harvesters documented in the literature are resonators such as beams, plates and springs. However, their
effectiveness in converting energy is limited to frequencies near their natural frequency when operating in linear regime.
This limitation has prompted researchers to propose nonlinear modulations in these systems, which can increase their
bandwidth of operation and enable them to effectively harvest energy from the environment in practical applications.
Multistable systems induced by magnets and by post-buckled structures can be cited as one of the most common nonlin-
earity modulations found in the literature (De Paula et al., 2015; Costa et al., 2021). Compared to the linear systems, this
class of harvester can increase the performance of the system by increasing the maximum output power and bandwidth
of operation (Stanton et al., 2009). Nonsmooth impact-driven modulations are also a common way to greatly enhance the
bandwidth of operation, but at the cost of maximum output power (Ai et al., 2019). Also, the mechanical wear caused
by successive impacts can be a drawback of this kind of harvester. Adeodato et al. (2021) and Yuan et al. (2019) showed
that the usage of nonlinear smart structures, as shape memory materials, can be a viable solution to control and tune the
natural frequency of the harvester, increasing the bandwidth of operation of the system in different scenarios.

At last, another concept that has been exploited in the literature is the capacity of harvest energy effectively in multiple
directions. It has been shown that the usage of pendulum structures to achieve multidirectionality is a interesting and
effective solution (Wu et al., 2018).

Piezoelectric Transducer

Electromagnetic Transducer

(b)

Water
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Biomechanical Motion

(d)
Human Limb

Figure 1: Examples of hybrid mechanical energy harvesters with an attached pendulum: (a) For vibration applications
with a flexible cantilever beam as the main structure, (b) For offshore applications with a buoy as the base excitation
structure, (c) For wind energy harvesting with a bluff body as the base excitation structure, (d) For biomechanical energy
harvesting with a wearable device as the base excitation structure.

This work propose and analyzes an archetype reduced order model of a hybrid multidirectional pendulum energy
harvester (HMEH), which focuses on capturing the main characteristics of this type of system. Specifically, a piezoelec-
tric transducer is attached to the vertical direction of the harvester to convert energy from axial oscillations, while an
electromagnetic converter is attached to the pendulum to harness the rotational energy.
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2. ARCHETYPAL MODEL AND THEORETICAL BACKGROUND

Pendulum structures have been widely used in mechanical energy harvesting systems, as demonstrated in recent studies
(Chen et al., 2022; Wang, 2023). The aim of this work is to present a generic, reduced-order archetype model that captures
the fundamental features of such systems and take advantadge of the main characteristics of pendulum structures by
adding an additional transducer to convert its rotational energy. Based on the ability to produce spring-type piezoelectric
transducers (Kim et al., 2015), Fig. 1 illustrates the concept of several systems that can be effectively represented by
the proposed model. The applications range from vibration energy harvesting to offshore implementations, wind power
conversion, and even biomechanical energy harvesting, underscoring the broad potential and versatility of the model.

2.1 Physical Modeling

Considering the examples displayed in Fig. 1, the hybrid multidirectional pendulum energy harvester (HMPEH)
is represented by the archetype depicted in Fig. 2. The classical layouts of energy harvesters are designed to take
advantage of incoming mechanical energy from only one direction in Cartesian space, making it potentially inefficient
if the mechanical energy comes from a different direction. To overcome this problem, pendulum structures can be used
to take advantage of its planar motion to transmit the input energy of one direction to another (for example: the energy
flowing in the x axis transmitted to the z axis).

The modelling considers a generic main structure of effective mass ms, and a pendulum-type element of effective
mass mp attached to it. The equivalent stiffness and damping coefficients are represented by ki (i = x, z, pz) and cj
(j = x, z,m, p), in which subscripts are related to the direction or a element within the system. Subscript x and z re-
fer to the plane directions, while subscript p refers to the pendulum, subscripts pz and m refers to the piezoelectric and
electromagnetic transducers, respectively. These two transducers are attached to the system: a piezoelectric element with
an electromechanical coupling term, θpz , and a equivalent stiffness, kpz , in the z direction of the structure; and a electro-
magnetic energy converter attached to the pendulum with a electromagnetomechanical coupling term, θm, and a magnetic
damping coefficient cm. The transducers are represented by a equivalent circuit. The piezoelectric element can be rep-
resented by a circuit depicted in Fig. 2b, with a internal capacitance, Cpz , connected in parallel to an internal resistance
Ripz and a induced current related to the electromechanical coupling Ipz(t) = θpz żs(t). To the piezoelectric element
is attached an external load resistance Rlpz . Additionally, the electromagnetic transducer is represented by the circuit
depicted in Fig. 2c, with a voltage source, vm(t) = θmϕ̇(t), connected in series with an equivalent internal inductance,
Lm, an internal resistance Riem, and an external load resistance, Rlem. The equivalent resistance of the piezoelectric
circuit is represented by Rpz = RipzRlpz/ (Rlpz +Ripz), while the equivalent resistance of the electromagnetic circuit
is represented by Rem = Riem + Rlem. The effects of gravity, g, are considered and the system is subjected to a base
excitation rb(t) = rb(t) [sin (µ)êx + cos (µ)êz], where µ is the angle between the external excitation vector rb(t) and
the z direction, and rb(t) is the excitation function.

The absolute structure position can be written as seen in Equation 1,

rs(t) = [xb(t) + xs(t)] êx + [zb + zs(t)] êz

= [xb(t) + x(t)] êx + [zb(t) + z(t) + zst] êz
(1)

where x(t) and z(t) are the relative positions in which the system oscillates in relation to the equilibrium position, and
zst = (ms +mp) g/ (kz + kpz) is the static deflection of the structure due to gravity action. Also, the absolute position
of the pendulum is determined by Equation 2.

rp(t) = [xb(t) + x(t) + xp(t)] êx + [zb(t) + z(t) + zst + zp(t)] êz

= [xb(t) + x(t) + Lp sin (ϕ(t))] êx + [zb(t) + z(t) + zst + Lp cos (ϕ(t))] êz
(2)

Thus, the total kinetic energy can be written as the composition of the structure and the pendulum kinetic energies as
described in Equation 3.

T = Ts + Tp

=
1

2
msṙs(t) · ṙs(t) +

1

2
mpṙp(t) · ṙp(t)

=
1

2
mp

{[
ẋ(t) + ẋb(t) + Lϕ̇(t) cos (ϕ(t))

]2
+
[
ż(t) + żb(t)− Lϕ̇(t) sin (ϕ(t))

]2}
+

1

2
ms

{
[ẋ(t) + ẋb(t)]

2
+ [ż(t) + żb(t)]

2
}

(3)

The structure and piezoelectric element constitutive behaviors are assumed to be linear and, therefore, the total resti-
tution forces of the structure springs, and the piezoelectric elements attached to the structure are defined in Equations 4,
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5, and 6,

fx(t) = −kxx(t) (4)
fz(t) = −kzz(t) (5)
fpz(t) = −kpzz(t) (6)

resulting in the total potential energy, written as the sum of the main structure, piezoelectric element and pendulum
potential energies as depicted in Equation 7.

U = Us + Up

= −
∫ xs(t)

0

fx(t) dx−
∫ zs(t)

0

[fz(t) + fpz(t)] dz −
∫ zb(t)+zs(t)

0

msg dz

−
∫ zb(t)+zs(t)+zp(t)

0

mpg dz

=
1

2
kxx(t)

2 +
1

2
(kz + kpz) [z(t) + zst]

2 −msg [zb(t) + z(t) + zst]

−mpg [zb(t) + z(t) + zst + Lp cos (ϕ(t))]

(7)
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Figure 2: (a) Archetype representing the Hybrid Multidirectional Energy Harvester. (b) The equivalent circuit of the
piezoelectric transducer attached to a resistance. (c) The equivalent circuit of the electromagnetic transducer attached to a
resistance.

The electromechanical coupling of the piezoelectric transducer, θpz , is related to the induced current, Ipz(t). In con-
trast, the magnetoelectromechanical coupling of the electromagnetic transducer, θem, is related to the induced voltage,
vem(t). The electromechanical coupling, θpz , is determined by the properties of the piezoelectric material, its geometry
and dimensions. In contrast, the electromagnetomechanical coupling, θem, can be determined by the geometric charac-
teristics of the coil(s), the properties of the magnet(s), the intensity of its magnetic field(s) and how the these elements
are positioned and distributed within the transducer. Often it is possible to determine these two quantities analytically,
however for very complex structures finite element analysis or experimental methods are required. Another possibility is
that these coupling mechanisms can dinamically change depending on the state of the system. In this work, to simplify
matters, the coupling coefficients are considered constants.

From this perspective, consider the relation between the flux linkage, ψ(t), and the voltage, v(t), across the piezo-
electric circuit as ψ̇(t) = v(t), and the relation between between the charge, q(t), and the current, I(t), flowing in the
electromagnetic circuit as q̇(t) = I(t). Considering that, the total coenergy, W ∗, of the system can be represented by
the sum of the electric coenergy of the piezoelectric element, W ∗

e , and the magnetic coenergy of the electromagnetic
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transducer, W ∗
m, as described by Equation 8, where W ∗

C , W ∗
pz , W ∗

L and W ∗
em are the electric coenergy in the capacitance,

the piezoelectric coenergy, the magnetic coenergy in the inductance and the electromagnetic coenergy, respectively. The
details of this formulation can be seen in (Preumont, 2006).

W ∗ =W ∗
e +W ∗

m (8)
=W ∗

C +W ∗
pz +W ∗

L +W ∗
em (9)

=
1

2
Cpzψ̇(t)

2 + θpzψ̇(t)z(t) +
1

2
Lemq̇(t)

2 + θemq̇(t)ϕ(t) (10)

The dissipation of the system is summarized in four major sources: viscous damping of the main structure; viscous
damping of the pendulum structure; magnetic damping resulting from the interactions between magnet(s) and coil(s)
within the electromagnetic transducer; and electrical resistances within circuits. These sources can be modeled through
nonconservative virtual works acting on the system (Meirovitch, 2010), as depicted by Equation 11, where δWDx

and
δWDz

are the virtual works done by the nonconservative forces in x and z directions, δWDϕ
is the total virtual work

done by the moment of the nonconservative viscous force acting on the pendulum and the magnetic forces within the
electromagnetic transducer, δWRpz and δWRem are the virtual works accounted for the resistive elements.

δWnc = δWDx
+ δWDz

+ δWDϕ
+ δWRpz

+ δWRem

= − cxẋ(t)δx(t)− cz ż(t)δz(t)− cpLpϕ̇(t)δϕ(t)− cemϕ̇(t)δϕ(t)−
ψ̇(t)

Rem
δψ(t)

−Remq̇(t)δq(t)

(11)

On this basis, by applying in the method of Euler-Lagrange for electromechanical systems (Equation 12) associated
with five generalized coordinates, in which three are mechanical and two are electrical, Q = [x(t), z(t), ϕ(t), ψ(t), q(t)],

d

dt

(
∂L
∂Q̇i

)
− ∂L
∂Qi

=
dδWnc

dδQi
(12)

Suppressing the (t) in the notation of the generalized coordinates, the Euler-Lagrange electromechanical equations of the
system can be written as a system of equations dependent of x, z, ϕ, v and I:

(ms +mp) ẍ+ cxẋ+ kxx+mpLp

[
ϕ̈ cos (ϕ)− ϕ̇2 sin (ϕ)

]
= − (ms +mp) ẍb (13)

(ms +mp) z̈ + cz ż + (kz + kpzt) z − θpzv −mpLp

[
ϕ̈ sin (ϕ) + ϕ̇2 cos (ϕ)

]
=

− (ms +mp) z̈b
(14)

mpL
2
pϕ̈+ (cem + cpLp)ϕ̇− θemI +mpLp [ẍ cos (ϕ) + g − z̈) sin (ϕ)] =

mpLp [z̈b sin (ϕ)− ẍb cos (ϕ)]
(15)

Cpz v̇ +
v

Rpz
+ θpz ż = 0 (16)

Lemİ +RemI + θemϕ̇ = 0 (17)

If the external forcing parameter is considered harmonic, then:

rb = xbêx + zbêz = A sin (ωt) [sin (µ)êx + cos (µ)êz] (18)

Thus,

r̈b = ẍbêx + z̈bêz = −Aω2 sin (ωt) [sin (µ)êx + cos (µ)êz] (19)

In order to generalize the analysis of the system, a normalization approach is performed by considering a reference
length, L, a reference voltage V , and a reference current I, resulting in the dimensionless electromechanical equations
given by:

(1 + ρ) ¨̄x+ 2ζx ˙̄x+Ω2
sx̄+ ρℓ

[
¨̄ϕ cos (ϕ̄)− ˙̄ϕ2 sin (ϕ̄)

]
= −(1 + ρ)¨̄xb (20)

(1 + ρ) ¨̄z + 2ζz ˙̄z + z̄ − χpz v̄ − ρℓ
[
¨̄ϕ sin (ϕ̄) + ˙̄ϕ2 cos (ϕ̄)

]
= −(1 + ρ)¨̄zb (21)

¨̄ϕ+ 2ζϕ
˙̄ϕ+Ω2

ϕ sin (ϕ̄)− χemĪ +
1

ℓ

[
¨̄x cos (ϕ̄)− ¨̄z sin (ϕ̄)

]
=

1

ℓ

[
¨̄zb sin (ϕ̄)− ¨̄xb cos (ϕ̄)

]
(22)

˙̄v + φpz v̄ + κpz ˙̄z = 0 (23)
˙̄I + φemĪ + κem

˙̄ϕ = 0 (24)
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that are related to the dimensionless parameters presented in Table 1.

Table 1: System parameters and values used in the analyses

Parameter Description Symbol Definition Value
Linearized natural frequency of the main structure in x ωx

√
kx/ms -

Linearized natural frequency of the main structure in z ωz

√
kz/ms -

Linearized natural frequency of the pendulum ωϕ

√
g/Lp -

Normalized time τ ωzt -
Normalized x displacement of the main structure x̄(τ) x(t)/L -
Normalized z displacement of the main structure z̄(τ) z(t)/L -
Normalized angle of the pendulum structure ϕ̄(τ) ϕ(t) -
Normalized voltage of the piezoelectric circuit v̄(τ) v(t)/V -
Normalized current of the electromagnetic circuit Ī(τ) I(t)/I -
Normalized base excitation frequency Ω ω/ωz 0.01 → 2
Normalized base excitation amplitude γ A/L 0.01 → 1
Normalized angle of the base excitation vector rb(t) µ̄ µ 0◦, 45◦, 90◦

Normalized base excitation displacement in the x direction x̄b(τ) γ sin (Ωτ) sin (µ̄) -
Normalized base excitation displacement in the z direction z̄b(τ) γ sin (Ωτ) cos (µ̄) -
Ratio of masses ρ mp/ms 0.5
Normalized damping coefficient of the main structure in x ζx cx/(2ωzms) 0.025
Normalized damping coefficient of the main structure in z ζz cz/(2ωzms) 0.025

Normalized total damping coefficient of the pendulum structure ζϕ
[(cem/Lp)+cp]

2ωzLpms
0.0025

Ratio of natural frequencies of the main structure Ωs ωx/ωz 0.01 → 2.0
Ratio of natural frequencies of the pendulum and the z direction Ωϕ ωϕ/ωz 0.01 → 2.0
Normalized pendulum length ℓ Lp/L 1
Normalized piezoelectric coupling in the mechanical ODE χpz θpzV/(kzL) 0.05
Normalized magnetomechanical coupling in the mechanical ODE χem θemI/(ρkzL

2
p) 0.01

Normalized piezoelectric coupling in the piezo circuit ODE κpz θpzL/(CpzV ) 0.5
Normalized EM coupling in the electromagnetic circuit ODE κem θem/(LemI) 0.1
Normalized equivalent resistance of the piezoelectric circuit φpz 1/(CpzRpzωz) 0.05
Normalized equivalent resistance of the electromagnetic circuit φem Rem/(Lemωz) 0.05
Normalized electrical output power of the piezioelectric circuit P̄pz(τ) Ppz(t)/(CpzωzV

2) -
Normalized electrical output power of the electromagnetic circuit P̄em(τ) Pem(t)/(LemωzI2) -

2.2 Performance Metrics

The performance of the energy harvesting system is evaluated with the definition of the electrical power dissipated
by both piezoelectric and electromagnetic circuits. The total instantaneous electrical power consists by the sum of the
instantaneous electrical power in each circuit, as represented by Equation 25. Thus, the average electrical power, defined
over the interval t0 ≤ t ≤ tf , is represented by Equation 26, where vRMS and IRMS are the root mean square of the
output voltage of the piezoelectric circuit and the output current of the electromagnetic circuit, respectively, and is defined
as depicted in Equation 27.

P = Ppz + Pem =
1

Rpz
v2 +RemI

2 (25)

Pavg =
1

tf − t0

∫ tf

t0

P dt =
1

Rpz

(
vRMS

)2
+Rem

(
IRMS

)2
(26)

gRMS
i =

√
1

tf − t0

∫ tf

t0

gi(t)2 dt, g(t) = {v(t), I(t)} (27)

Furthermore, based on these concepts and according to Table 1, the normalized average electrical output power can be
determined as described in Equation 28.

P̄avg = P̄pz + P̄em = φpz

(
v̄RMS

)2
+ φem

(
ĪRMS

)2
(28)

3. ACHIEVING EFFICIENT MULTIDIRECTIONALITY USING A PENDULUM STRUCTURE

Realistically, in any application, mechanical input sources occur usually in more than one direction. Many designs
of harvesters only consider 1 direction of operation, limiting the harvester’s efficiency. To illustrate that, consider the
archetypes presented in Fig. 3, where 3 cases are established: Case I refers to the system without the pendulum, that is,
maintaining the pendulum’s mass and reducing ℓ to zero. This configuration can be achieved by making ζϕ = Ωϕ =
ℓ = χem = κem = φem = 0. Case II refers to the system with the pendulum structure, but without the electromagnetic
converter. This configuration can be achieved by making χem = κem = φem = 0. Finally, case III refers to the proposed
system, with the pendulum structure and the electromagnetic converter. Non-zero parameters are utilized as presented in
Table 1.
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(a) I: CPEH (b) II: MPEH (c) III: MHEH

Figure 3: Simplified illustrations of (a) Case I: The classical linear piezoelectric energy harvester (CPEH). (b) Case II: The
multidirectional piezoelectric energy harvester (MPEH), with the multidirectionality induced by the pendulum structure
attached to the mass. (c) Case III: The multidirectional hybrid energy harvester (MHEH), proposed in this work. The
hybridization is achieved by the simultaneous usage of a piezoelectric and a electromagnetic transducer.

The performance of each system is assessed across a range of frequencies by imposing various excitation angles for
each case. P̄avg vs Ω diagrams, presented in Figs. 4, 5 and 6, are constructed by employing the fourth order Runge-
Kutta scheme, considering a time step ∆τ ∝ 2π/Ω. x̄ = ˙̄x0 = z̄0 = ˙̄z0 = ϕ̄0 = ˙̄ϕ0 = v̄0 = Ī0 = 0 are used as
initial conditions. A progressive sweep in ascending order of the frequency, Ω, was performed. For each step, ∆Ω, 1000
excitation periods, T, are imposed at each integration, with the last 250 considered to be steady state. The value of the
steady state average output power, P̄avg, is computed for each step. As Ω increases, the dynamics of the system was
maintained, that is, besides for the first value of Ω, the initial conditions of each point in the diagram corresponded to the
end state of the preceding point. Different excitation levels of γ = 0.1, γ = 0.25, and γ = 0.5 are considered.
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Figure 4: Cases represented in Fig. 3 excited with different angles µ̄ for a normalized excitation amplitude of γ = 0.1.
(a) Classical linear piezoelectric energy harvester (CPEH). (b) A comparison between the CPEH (dashed black lines) and
the multidirectional piezoelectric energy harvester (MPEH). (c) A comparison between the CPEH (dashed black lines)
the proposed multidirectional hybrid energy harvester (MHEH). The values of P̄avg are scaled by ×10−3.

In each of the Figures, the first column (a) illustrates the performance of case I: CPEH. It is observed that when the
excitation angle, µ̄, is set to 0◦, the system achieves maximum performance as the direction of excitation aligns parallel
to the êz axis. However, as the angle µ̄ increases, the maximum power output diminishes gradually until it reaches zero
at µ̄ = 90◦, when the excitation becomes perpendicular to the êz axis. Consequently, for excitation angles other than
µ̄ = 0◦ and µ̄ = 180◦, the CPEH system experiences a loss of valuable energy from the environment.

To address the issue, a pendulum structure can be used to achieve multidirectionality (referred to as case II: MPEH) as
shown by (Xu and Tang, 2015; Pan et al., 2019, 2021). Figures 4(b), 5(b) and 6(b) display the performance for this kind
of harvester. For an excitation angle of µ̄ = 0◦, the performance of the MPEH is identical to that of the CPEH as there
is no resulting motion from the pendulum. In contrast, for an excitation angle of µ̄ = 90◦ the advantages of utilizing a
pendulum structure to facilitate energy transfer between directions become evident. In this scenario, the system is capable
of effectively harvesting energy from all directions. However, for intermediate angles between 0◦ < µ̄ < 90◦ the system
exhibits a drawback: it demonstrates lower efficiency compared to the CPEH in certain scenarios. This is due to the
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pendulum acting as an energy absorber.
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Figure 5: Cases represented in Fig. 3 excited with different angles µ̄ for a normalized excitation amplitude of γ = 0.25.
(a) Classical linear piezoelectric energy harvester (CPEH). (b) A comparison between the CPEH (dashed black lines) and
the multidirectional piezoelectric energy harvester (MPEH). (c) A comparison between the CPEH (dashed black lines)
the proposed multidirectional hybrid energy harvester (MHEH). The values of P̄avg are scaled by ×10−3.
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Figure 6: Cases represented in Fig. 3 excited with different angles µ̄ for a normalized excitation amplitude of γ = 0.5.
(a) Classical linear piezoelectric energy harvester (CPEH). (b) A comparison between the CPEH (dashed black lines) and
the multidirectional piezoelectric energy harvester (MPEH). (c) A comparison between the CPEH (dashed black lines)
the proposed multidirectional hybrid energy harvester (MHEH). The values of P̄avg are scaled by ×10−3.

To deal with this matter, an electromagnetic transducer has been integrated into the system to harness the rotational
energy, enabling some of the mechanical energy absorbed by the pendulum to be converted into electrical energy. This
results into the hybrid system represented by the case III: MHEH. The performance of this harvester is presented in
Figures 4(c), 5(c) and 6(c). Similar to the previous case, for an angle of µ̄ = 0◦, the performance of the MHEH equivalent
to the CPEH as there is no resulting motion of the pendulum. However, for angles of µ̄ = 45◦ and µ̄ = 90◦, there
is an impressive increase of performance in both maximum output power and bandwidth when compared to the CPEH.
These results establish the MHEH as a harvester that retains the desirable characteristics of the MPEH while mitigating
its drawbacks.
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4. CONCLUSIONS

This dels with the analysis of a proposed archetype generic reduced-order model designed to describe the funda-
mental characteristics of hybrid electromagnetic-piezoelectric multidirectional energy harvesting systems. These systems
utilize pendulum structures to achieve multidirectionality and have potential applications in vibration, wave, wind, and
biomechanical energy harvesting.

The archetype model serves as the foundation for this research. The performance metric employed is the average
output electrical power, and three distinct cases are considered: (1) the classical piezoelectric energy harvester, which
captures energy in a single direction; (2) the multidirectional piezoelectric energy harvester, comprising the same struc-
ture combined with a pendulum; and (3) the hybrid multidirectional energy harvester, which incorporates the piezoelectric
energy harvester structure, the attached pendulum, and an additional electromagnetic transducer associated with the pen-
dulum.

The results demonstrate that relying solely on the pendulum to achieve multidirectionality is insufficient in terms of
efficiency, as the pendulum acts as an energy absorber, thereby reducing the system’s overall performance. Conversely,
employing a hybrid scheme by integrating an electromagnetic transducer with the pendulum proves to be a viable solution.
This hybrid approach harnesses the rotational energy of the pendulum, allowing some of the mechanical energy absorbed
by the pendulum to be converted into electrical energy. Consequently, the performance of these types of energy harvesters
is significantly enhanced.

Overall, this study establishes the hybrid multidirectional energy harvester as a solution that maintains the desirable
multidirectional characteristics while mitigating the drawbacks associated with attaching a pendulum without an associ-
ated harvester.
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