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Abstract: Energy harvesting systems play an essential role in contemporary society, and ongoing research in the litera-
ture focuses on the development of more efficient designs that allow broader applications. In this regard, one promising
approach is the use of hybrid systems that combine multiple transduction mechanisms, such as smart materials, electro-
magnetic coupling, and triboelectric effect. Another strategy consists of the addition of nonlinear characteristics, which
often increase their performance. The source of multidirectionality is another important aspect that still remains a chal-
lenging topic. Therefore, the concept and performance of a nonlinear energy harvester that deals with hybrid transduction
and multidirectionality is a challenging topic that needs to be investigated. This investigation addresses these challenges
by incorporating a pendulum structure in a conventional cantilever-based piezoelectric energy harvester to enable mul-
tidirectional capabilities. A generic prototype model is presented to study the main characteristics of this type of system.
The performance of the device is addressed and compared to its classical linear cantilever-based counterpart. Results
show a significant performance improvement in all scenarios by utilizing the hybrid system.
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1. INTRODUCTION

Mechanical energy harvesting technology has a wide range of applications across diverse fields within self-powered
wireless sensors, [oT (internet of things), and MEMs (micro-electro-mechanical systems). Some examples of the poten-
tial applications of mechanical energy harvesting include capturing energy from civil infrastructure motion, implantable
biomedical devices, wearables, sea wave energy harvesting, automobiles, and many others (Safaei et al., 2019).

In order to harness the available ambient mechanical energy and effectively convert it into electrical energy, the trans-
duction mechanisms are essential. Electromagnetic converters, triboelectric structures, and piezoelectric materials can be
enumerated as some classical strategies to achieve this goal. Electromagnetic harvesters rely on the principle of electro-
magnetic induction, being commonly used in robust applications, ranging from micro to large scale applications (Cepnik
et al., 2013). In contrast, triboelectric structures use friction between two different materials to create an electric potential
between two surfaces, making them more compact and suitable for nano to microscale applications (Haroun ef al., 2022).
On the other hand, piezoelectric materials are smart materials that convert mechanical into electrical energy through the
reversible process of the piezoelectric effect, which produces a proportional charge as a result of the application of a me-
chanical field. Piezoelectric transducers can be applied to harvest energy from micro to large-scale applications (Clementi
et al., 2022).

The hybrid transduction combining different types of transducers is a trend to enhance system performance. By
combining different types of transducers, the hybridization approach can exploit the unique advantages of each transducer,
resulting in greater energy harvesting capacity. Depending on the transducer combinations, various applications can be
realized (Chung et al., 2021), and by utilizing the unique advantages of each transducer, hybrid systems can indeed
facilitate more efficient energy harvesting solutions.

The harvesters documented in the literature are resonators such as structural elements such as beams and plates. On
this basis, their effectiveness in converting energy is limited to situations close to the resonant condition when operating
in a linear regime. This limitation has motivated the use of nonlinear modulations, which can increase their operation
bandwidth and enable better performance when subjected to environmental uncertainties. Multistable systems that are
induced either by magnets or by post-buckled structures can be cited as one of the most common nonlinearity modulations
found in the literature (Costa ef al., 2021). Compared to the linear systems, this class of harvester presents a better
performance by increasing the maximum output power and operation bandwidth (Costa and Savi, 2024; Costa et al.,
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2024). Nonsmooth impact-driven modulations are also employed to enhance the operation bandwidth, but at the cost of
the reduction of the maximum output power (Ai et al., 2019). Besides, the mechanical wear caused by successive impacts
can be a drawback of this kind of harvester. Adeodato ef al. (2021) showed that the synergistic use of smart materials
can be a viable solution to control and tune the natural frequency of the harvester, increasing the operation bandwidth in
different scenarios. The designs of different structures are also of concern in trying to enhance energy harvesting capacity.
In this regard, multimodal structures are proposed with multiple degrees of freedom in order to establish a broadband
performance (Caetano and Savi, 2021).

Energy harvesting from multiple directions is another important aspect to be incorporated into the designs since energy
sources have unavoidable uncertainties. It has been shown that the usage of pendulum structures to achieve multidirec-
tionality is an interesting and effective solution (Wu et al., 2018). Unlike classical cantilever-based piezoelectric energy
harvesters, which primarily operate in a single direction, pendulum-based systems can harness energy from various di-
rections. Pendulum structures have been used in mechanical energy harvesting systems. Specifically, they can be used in
some ways to incorporate multidirectional capabilities to the classical cantilever-based piezoelectric energy harvester (Xu
and Tang, 2015). Caetano and Savi (2022) proposed a star-shaped harvester, comparing its performance with the coun-
terpart version, without pendula. The proposed harvester presents a multimodal and multidirectional energy harvesting
capacity.

This work deals with an investigation of multidirectional mechanical energy harvesting, proposing an archetype re-
duced order model of a hybrid multidirectional pendulum-based energy harvester (MHEH). Specifically, the MHEH is a
modified version of the classical cantilever-based piezoelectric energy harvester. Pendulum-based system presents mul-
tidirectional coupling, allowing the conversion of the mechanical energy source directions that otherwise would be lost.
A piezoelectric transducer is attached to a cantilever structure to convert energy from flexural oscillations, while an elec-
tromagnetic converter is attached to the pendulum to harness the rotational energy. Numerical simulations are performed
showing that the usage of pendulum structures together with conventional cantilever-based energy harvesters is advanta-
geous if associated with an additional strategy to harness the rotational energy from the pendulum.

2. DESIGN AND THEORETICAL MODEL

Consider the conceptual representation of three cantilever-based energy harvesters presented in Fig. 1. The first shown
in Fig. 1(a), represents the classical cantilever-based piezoelectric energy harvester (CPEH), composed by a piezoelectric
transducer attached to a structural beam element, a support where the beam is embedded, and a tip mass at its free end.
The second design, displayed in Fig. 1(b), shows the multidirectional piezoelectric harvester (MPEH), which incorporates
the pendulum in the classical design. This layout leverages the planar motion of the pendulum to transmit the input energy
from one Cartesian direction to another. Finally, Fig. 1(c) displays the proposed multidirectional hybrid energy harvester
(MHEH), which incorporates an additional electromagnetic transducer at the support of the pendulum in order to harness
its rotational energy.
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Figure 1: Conceptual representation of the three types of energy harvesters. (a) The classical piezoelectric energy harvester
(CPEH), is composed of a piezoelectric transducer and a cantilever beam structure with a tip mass. (b) the multidirectional
piezoelectric energy harvester (MPEH), composed by the CPEH plus the addition of a pendulum structure. (c) The pro-
posed multidirectional hybrid energy harvester (MHEH) composed of the MPEH plus the addition of an electromagnetic
transducer at the pendulum’s support.

2.1 Physical Modeling

In view of the designs presented in Fig. 1, they can be represented by the general archetype model depicted in
Fig. 2. The model considers the beam main structure of effective mass mg, and a pendulum-type element of effective
mass m,, attached to it. The equivalent stiffness and damping coefficients are represented by k; (i = z,z,pz) and ¢;
(j = =, z,em,p), in which subscripts are related to the direction or an element within the system. Subscript  and z
refer to the plane directions, while subscript p refers to the pendulum; subscripts pz and em refer to the piezoelectric
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and electromagnetic transducers, respectively. Two transducers are attached to the system: a piezoelectric element with
an electromechanical coupling term, 6,, and an equivalent stiffness, k,., in the z direction of the structure; and an
electromagnetic energy converter attached to the support of the pendulum with an electromagnetic coupling term, ¢,
and a magnetic damping coefficient c.,,. The transducers are represented by an equivalent circuit. The piezoelectric
element can be represented by a circuit depicted in Fig. 2(b), with an internal capacitance, C,,., connected in parallel
to an internal resistance, R;,., and an induced current related to the electromechanical coupling, I,,,(t) = 6,.%4(t). An
external load resistance, R, is also attached to the piezoelectric element. Additionally, the electromagnetic transducer
is represented by the circuit depicted in Fig. 2(c), with a voltage source, Ve, (£) = Oemd(t), connected in series with an
equivalent internal inductance, L,,,, an internal resistance R;e,,, and an external load resistance, Ry.,,,. The equivalent
resistance of the piezoelectric circuit is represented by R, = R;p. Ry / (Rlpz + Ripz), while the equivalent resistance
of the electromagnetic circuit is represented by Re., = Riermn + Riem.-

The effects of gravity, g, are considered, and the system is subjected to a multidirectional excitation represented by
the vector rp (t) = rp(¢) [sin ()&, + cos (1)€.], where the bold notation refers to vectors and italic notation refers to
scalars; ( is the angle between the external excitation vector ry,(¢) and the z direction, and r,(¢) is the excitation function;
the vectors €, and &, are the base vectors of each Cartesian direction, x and z, respectively.
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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.

On this basis, the Lagrangian can be defined as £ = 7' — U + W, where T is the kinetic energy, U is the potential
energy, and W is the piezoelectric energy. The electromechanical system is associated with five generalized coordinates
(three mechanical and two electrical), Q = [z(t), z(t), ¢(¢), ¥ (t), ¢(t)], where z(t) and z(t) are the relative displacement
to the base in the horizontal and vertical directions, respectively; ¢(t) is the angular position of the pendulum, v (¢) is the
magnetic flux linkage of the piezoelectric circuit, and ¢(t) is the electric charge of the electromagnetic circuit. Therefore,
by applying the method of Euler-Lagrange where D is the dissipation function, the following equation is achieved,

d oL oL oD
—— ) - — 4+ —=0. 1
i (862) 9Q: a0, M

Suppressing the (¢) in the notation of the generalized coordinates, the electromechanical equations of motion can be
written as a system of equations dependent of x, z, ¢, v and I:

(ms +mp) & + cp& + kyx +my,L, [d) cos (¢) — h2 sin (gb)} = — (ms +myp) Zp; 2)

(ms +mp) 2+ c.2+ (ky + kpat) 2 — Opv — myp Ly, [(Z) sin (@) + $? cos (qﬁ)} = — (ms +myp) Zp; 3)

mpLiq.b. + (cem + chp)QB + my Ly, [Z cos (@) + (g — £) sin (¢)] — Oemd = my Ly, [Zp sin (¢p) — &y cos (4)] ; 4)

Cpo + = + Oyt = 0; )
R,.

Lemj + Rep I + gemd) =0. (6)
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Assuming a harmonic external stimulus results in the following expressions:

r, = Tp€; + 2p€, = Asin (wt) [sin (1)&, + cos (p)é.], (7N
Fp = #p8, + 58, = —Aw?sin (wt) [sin (u)é, + cos (11)é.] 3
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 Z, resulting in the dimensionless electromechanical equations
given by:

(L4 p) i+ 26 + Q2 + pl [Geos (6) — 62 sin (9)] = ~(1+ )i ©

(L4 p) %4265+ 2 = xps¥ = pl |$5in (9) + 6 cos (9)]| = —(1+ p)%; (10)

&4 206+ D 5in (9) — xem + 7 [F 05 (8) — £sin (9)] = 7 [Fsin (3) — Fy cos (3)]; (11)

G4 ki =0 (12)
Ppz

f"’ ‘pemj‘F "femg) =0. (13)

These equations 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
Natural frequency of the main structure in x Wy \/ ke /ms -

Natural frequency of the main structure in z Wy Vkz/ms -

Linearized natural frequency of the pendulum we Va/Lp -
Normalized time T wyt -
Normalized = displacement of the main structure z(T) z(t)/L -
Normalized z displacement of the main structure zZ(T) z(t)/L -
Normalized angle of the pendulum structure o(T) b(t) -
Normalized voltage of the piezoelectric circuit o(T) v(t)/V -
Normalized current of the electromagnetic circuit I(r) I(t)/T -
Normalized base excitation frequency Q w/ws 0.01 — 2
Normalized base excitation amplitude ¥ A/L 0.1,0.25,0.5
Normalized angle of the base excitation vector r, (t) I w 0°,45°,90°
Normalized base excitation displacement in the = direction Ty (T) ~ sin (27) sin (f2) -
Normalized base excitation displacement in the z direction zZp(T) ~ sin (27) cos (j1) -

Ratio of masses P myp/ms 0.5
Normalized damping coefficient of the main structure in x Ca ez /(2wmyg) 0.025
Normalized damping coefficient of the main structure in z ¢. c./(2wmy) 0.025
Normalized total damping coefficient of the pendulum structure Co % 0.0025
Ratio of natural frequencies of the main structure Qs Wy [ws 0.5,1,1.5
Ratio of natural frequencies of the pendulum and the z direction Qg we/wz 0.05
Normalized pendulum length 14 Ly,/L 1
Normalized piezoelectric coupling in the mechanical ODE Xp=z 0p-V/(k.L) 0.05
Normalized electromagnetic coupling in the mechanical ODE Xem OcmZ/(pk. Lf)) NXp=
Normalized piezoelectric coupling in the piezo circuit ODE Kpz 0p-L/(Cp-V) 0.5
Normalized EM coupling in the electromagnetic circuit ODE Kem Ocm /(LemT) NEpz
Normalized equivalent resistance of the piezoelectric circuit Ppz Cp2Rp-w. 0.2 — 100
Normalized equivalent resistance of the electromagnetic circuit Pem Rem/(Lemwz) 0.01 — 5
Ratio between electromechanical couplings n Xem/Xpz = Kem/FKp= 0.2 — 1.0
Normalized electrical output power of the piezoelectric circuit Py (1) Py (t)/(Cprw:V?) -

Normalized electrical output power of the electromagnetic circuit ~ Peyy, (7) P (t)/ (Le,,,szI2)

2.2 Performance Metrics

The performance of the energy harvesting system is evaluated with the definition of the electrical power associated
with both piezoelectric and electromagnetic circuits. The total instantaneous electrical power consists of the sum of the
instantaneous electrical power, P, in each circuit. Thus, the average electrical power, defined over the interval tg <t < t,
is represented by Equation 14, where v®™™S and I®MS are the root-mean-square (RMS) of the output voltage of the
piezoelectric circuit and of the output current of the electromagnetic circuit, respectively.

1

Poyg = ———
YE Tt —t

a

t
/ "pat = Ri (0*MS)? 4 R, (T7MS)?, (14)

to Pz

Furthermore, based on these concepts and according to Table 1, the normalized average electrical output power can
be determined as described in Equation 15.

Pavg :sz+pem = QOL ('ERMS)2+(Pem (jRMS)2~ (15)
pz

Numerical simulations carried out employing the fourth order Runge-Kutta scheme, considering a time step A7
27 /Q) defined after a convergence analysis. Dynamical observations are treated together with performance.
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3. Characterization of the MHEH Performance

The performance of the HMEH is evaluated and the electromechanical couplings of the electromagnetic transducer,
Xem and Keqn,, are important to be addressed. The value of these couplings is influenced by many construction char-
acteristics of the transducer, especially the disposal of coils and internal magnet properties. In order to perform a
general qualitative analysis of the MHEH, a variable is defined containing information of the electromagnetic trans-
ducer, based on the piezoelectric transducer. On this basis, consider the ratio between electromechanical couplings as
1 = Xem/Xpz = Kem/Kpz» Where it is noticeable that if = 1, both transducers have the same coupling, while if < 1,
electromagnetic couplings have a lower value than the corresponding piezoelectric coupling. Alternatively, if n > 1, the
electromagnetic couplings have a larger value than the corresponding piezoelectric couplings.

This section develops a characterization of the system’s performance by evaluating the influence of different parame-
ters. The first subsection evaluates the influence of the electrical resistance parameters on the output power. On the other
hand, the second subsection performs the comparison between the proposed MHEH and the CPEH, utilizing a fixed value
of 1. The analyses are carried out by considering three different configurations with different ratios of natural frequencies.
The first configuration is characterized by 2, = 0.5, while the second is characterized by 2, = 1.0, and the third by
Qs = 1.5. An illustrative representation of the €25 parameter is presented in Fig. 3. The angle of excitation is maintained
constant at i = 45°. The values of the remaining parameters are summarized in Table 1.

(a) Q, <1 (b)Q,=1 () Q,>1

B B &)

Figure 3: Illustrative representation of the ratio of natural frequencies, (2;. (a) 23 < 1, where the Z direction is softer
than the Z direction, that is, the beam’s width is shorter than its height. (b) {2, = 1, where both Z and Z directions have
the same stiffness, that is, both beam’s width and height have the same length. (c) {25 > 1, where the Z direction is stiffer
than the z direction, that is, the beam’s width is larger than its height.

3.1 Influence of the Electrical Resistances, ¢, and ¢,

In this subsection, the influence of the electrical resistance parameters is of concern, establishing the effect on the
average output power of the system. By considering a constant value of = 1 and v = 0.1, Average Output Power
Diagrams (OPDs) are constructed to analyze the influence of the normalized electrical resistance parameters, ., and
pem, and the excitation frequency, €2, in the output power of the system, as shown in Fig. 4.

Three configurations with different values of 25 are chosen. Each column of Fig. 4 is related to one different
configuration: Fig. 4(a) for 2, = 0.5, that is, the Z direction is stiffer than the Z direction; Fig. 4(b) for 2, = 1.0, where
both stiffness of each direction are equal; and Fig. 4(c) for {2 = 1.5, showing a configuration with a stiffer Z direction
than the z direction. The first row of each configuration shows the OPD for the values of the normalized conductance of
the piezoelectric circuit, 1/¢,,. For all configurations, the optimal value of the normalized conductance is shown to be
around 1/¢,, = 1. Additionally, the second row of each configuration shows the OPD for the values of the normalized
resistance of the electromagnetic circuit, ¢.,,. As in the previous case, the three configurations show similar regions of
optimal resistance around @.,, = 0.25.

In this case, it should be pointed out that the increase of €5 produces an increase in the maximum output power of
both piezoelectric and electromagnetic transducers. Additionally, the presence of two peaks of output power in the first
and third cases, as shown by white arrows, occur due to the shift of the resonance regions provoked by the change in 2.

3.2 MHEH vs CPEH

In this subsection, the comparison of the performance between the proposed multidirectional hybrid energy harvester
(MHEH) and the classic piezoelectric energy harvester (CPEH) is of concern. As in the previous subsection, three values
of ), are evaluated: 0, = 0.5, 2,1.0, and €2, = 1.5. Results are summarized in Pavg x ) diagrams displayed in Fig. 5,
which are divided into three sections based on different values of normalized excitation amplitude of v = 0.1, v = 0.25,
and v = 0.5. Dashed lines represent the Py, for the CPEH, serving as a reference for comparison. Additionally,
these diagrams include red curves that represent the average output power associated with the piezoelectric element, sz,
orange curves that represent the average output power of the electromagnetic transducer, P.,,, and purple curves that
represent the total average output power of the MHEH, P,,. Note that all values of power are scaled by x 103 for better
representation. Results illustrate the case where the value of 7 is increased to 0.8. In this case, nearly all combinations of
Qs and v demonstrate the benefits of employing the MHEH. This is due to the fact that, in the whole scenario, the output
powers are comparable to or exceed those presented by the CPEH. Given this set of parameters, both piezoelectric and
electromagnetic transducers contribute effectively to the energy conversion. For higher values of 7, the electromagnetic
transducer should convert much more than the piezoelectric element. On the other hand, for lower values of 7, the
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Figure 4: OPDs for the normalized electrical resistance analysis, using a normalized excitation amplitude of v = 0.1 and
excitation angle of fi = 45°. Three groups with different ratios of natural frequencies of the main structure are defined:
(a) with Q5 = 0.5, (b) Qs = 1.0, and (c) 25 = 1.5. Each group has two rows: The first row shows the output power
for different values of conductance of the piezoelectric circuit (1/,.), while the second row shows the output power for
different values of the resistance of the electromagnetic circuit (¢e,,). Rainbow colors in the colorbar indicate the level
of average output power, Pavg, achieved in each case. Colorbars that have an arrow at the top indicate that the range of
colorbar values was limited for better display and the top value above the arrow is the maximum output power achieved.
All values of Pavg are scaled by X 103.

piezoelectric transducer should convert more than the piezoelectric element. Finally, it is noticeable that the values of
output power presented in Fig. 5 and Fig. 4 reveal that by increasing ), promote the increase of the bandwidths.

4. CONCLUSIONS

This work presents a novel hybrid multidirectional energy harvester (HMEH) that is able to enhance the performance
of cantilever-based harvesters when subjected to multidirectional excitations. The proposed system employs a pendulum
structure to achieve multidirectionality and multiple transduction mechanisms to enhance energy conversion. Specifically,
a piezoelectric transducer is attached to the cantilever structure, and an electromagnetic transducer is incorporated into
the rotational support of the pendulum.

A theoretical model is established to describe the qualitative characteristics of the MHEH and numerical simulations
are carried out in order to characterize its performance by analyzing key parameters. Initially, the optimal resistance
parameters are identified in order to find the maximum output power regions of both transducers. Using the optimal
resistance values, it is demonstrated that the ratio of electromechanical couplings (7 = Xem/Xpz = Kem/kp-) should be
approximately 0.8 for both piezoelectric and electromagnetic transducers to effectively contribute to energy conversion. If
this ratio is too low, the piezoelectric element dominates the energy conversion, whereas if 7 is too high, the electromag-
netic transducer converts more energy than the piezoelectric element. Furthermore, it is observed that the electromagnetic
transducer predominantly handles the energy conversion at low excitation amplitudes. Alternatively, the piezoelectric
transducer takes precedence in energy conversion as the excitation amplitudes increase.

Finally, the natural frequencies of the structure (the natural frequencies in each direction of the Cartesian plane)
are evaluated. Results show that a stiffer horizontal direction (perpendicular to the direction of gravity) enhances the
bandwidth of the system. Overall, this study shows that the HMEH demonstrates an impressive increase in performance
in both maximum output power and bandwidth when compared to its classical linear counterpart.
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Figure 5: Pavg x ) diagrams for 7 = 0.5. Three excitation amplitude values are chosen: (a) v = 0.1, (b) v = 0.25, and
(¢) v = 0.5. For each value of -, three configurations are selected with (i) Qs = 0.5, (ii) 2 = 1 and (iii) Qs = 1.5. In
each plot, dashed lines represent the Pavg for the CPEH, serving as a reference for comparison. Additionally, red curves
represent sz, orange curves represent P,,,,, and purple curves represent Pavg, all for the MHEH. All values of power are
scaled by x103.
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