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Abstract: Piezoelectric vibration energy harvesting has been receiving attention in scientific and industrial fields due to
the ability to power supply sensors and devices through the direct piezoelectric effect. Since external conditions of exci-
tation can vary through the harvesting process, there is a challenge to enhance energy harvesting capacity and adaptive
systems are of special interest. This paper investigates the synergistic use of smart materials considering piezoelec-
tric and shape memory alloy elements with the objective to enhance energy harvesting capacity. A constitutive model
with polynomial phase transformation kinetics is used to describe the SMA thermomechanical behavior. Numerical
simulations are carried out to evaluate the system response under different conditions. Results show that the special
characteristics of shape memory alloys allow the energy harvesting system to operate over a wide frequency range.
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INTRODUCTION

New technological devices have an increasing dependence on energy sources, which are motivating new concepts of
engineering projects where the energy must be harvested from the environment. This is even critical in situations with
expensive or inappropriate access to the devices, including situations where the use of power cables is impracticable or
with difficult battery replacements. That is the case of devices operating in remote areas as aeronautical (de Souza and de
Marqui, 2015), oil wells (Lee et al., 2015), and biomedical applications including outside (Park et al., 2017) and inside
(Dagdeviren et al., 2019; Ali et al., 2019) of living beings body.

Piezoelectric materials come up as an interesting alternative to power supply electronic devices in a way to avoid or
reduce the use of power cables and battery components (Sodano et al., 2004a; Sodano et al., 2004b). Piezoelectricity is
characterized by electromechanical coupling, being possible to be observed as the direct or reverse effects (Leo, 2007,
Erturk and Inman, 2011). Therefore, the direct effect can be exploited to convert available environment mechanical energy
into electrical energy that can be used to power devices or recharge batteries (Wiliams and Yates, 1996; Du Toit et al.,
2005; Erturk, 2009).

Linear piezoelectric mechanical energy harvesting systems present a maximum energy conversion when the external
frequency matches the resonant harvester condition. Nevertheless, since the ambient vibrations are unpredictable and
can vary over a range of frequencies, linear piezoelectric energy harvesters present narrow bandwidth and operational
range (Karadag and Topaloglu, 2018). The literature is vast about alternatives to enhance energy harvesting capacity and
nonlinearities have shown to be the essential aspect (Tran et al., 2018). Nonlinearities allow to increase energy harvesting
operational range, and can introduce adaptability and environment interaction. The synergistic use of smart materials is
an innovative field that allows the combination of different materials to exploit adaptive behavior (Adeodato et al., 2021).
On this basis, shape memory alloys (SMAs) can be used together with piezoelectric material to build an adaptive energy
harvester. SMAs present solid phase transformations induced by either stress or temperature (Lagoudas, 2008; Elahinia,
2016), which allow property changes that confer adaptive behavior (Savi, 2015).

This paper deals with the synergistic use of piezoelectric materials and shape memory alloys to enhance the energy
harvesting capacity through a range of frequencies. The energy harvester considers a piezoelastic beam coupled to an
SMA element. The influence of SMA phase transformation is investigated considering the system nonlinear dynamics,
monitoring the energy harvesting capacity. Linear model describes the electromechanical behavior of the piezoelectric
element while SMA thermomechanical behavior is described by a novel polynomial phase transformation kinetics con-
stitutive model. A single degree of freedom system is employed to describe the energy harvester dynamics. Numerical
simulations are carried out considering different scenarios.

MATHEMATICAL MODEL

The traditional piezoelectric energy harvester is a cantilever beam subjected to base-vibration excitation, which can
be modeled as a single degree of freedom (SDOF) electromechanical oscillator. Figure 1(a) shows a physical model of
a piezoelectric energy harvester coupled to an SMA helical spring while Fig.1(b) shows its SDOF representation with
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discrete parameters. The SMA spring is in austenitic phase at room temperature when in a stress-free state. The device
considers preload that can alter its initial state and therefore, phase transformation can be induced either by the preload or
by the base excitation.
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Figure 1 — SMA-piezoelectric energy harvester. (a) Physical model representing a piezoelastic beam connected
with an SMA element and excited by a shaker. (b) Archetypal of a SDOF system.

The dynamical system can be described by two coupled differential equations representing the electromechanical
system together with the constitutive model to describe the SMA behavior, represented by the term Fspz4:

mzZ+cz+kz+ Fsya — 0V = —my (1)
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where y(¢) is the base displacement, z(¢) is the relative displacement between base and body, and V (7) is the electrical
tension in the piezoelectric element. The harmonic base excitation is expressed by j = A sin (Q¢) where A, represents
the maximum base vibration amplitude and Q is the driven frequency; m represents the body mass, c is the linear viscous
damping coefficient, and k is a linear stiffness associated with the restoring forces. 8, C,, and R respectively represent the
electromechanical coupling, circuit capacitance, and total load resistance for a closed-circuit condition.

The energy harvesting performance is monitored by considering input power P, that is essentially the mechanical
. Lo . . . 2
power: P, = myz = mAysin (Qr)z; and the output power P,,,, which is associated with the electrical power: P, = VF.

System efficiency can be evaluated by considering the ratio between output and input power: 1 = %.
mn

SMA Consitutive Model

The constitutive model to describe the SMA thermomechanical behavior is now in focus. A model with polynomial
phase transformation kinetics is adopted (Adeodato et al., 2022), considering as state variables, the shear stress, 7, the
shear strain, 7, the temperature, T, and the internal variable, 3 that represents martensitic volume fraction, where fs is the
stress induced detwinned martensite, and 7 is the temperature induced twinned martensite (8 = Bs + Br).

t=Gy+af +0T (3)
where G represents the shear modulus defined as G = G4 + (Gy — G4). In addition, ¢ = —GYg where 7 is the residual
strain, and ® is the thermal expansion coefficient. The critical phase transformation stresses are defined as follows:

s = Ts+Cp (T — M), tas = Ca(T —Ay), tuyr = T +Cpy (T —My) and 14y = Co(T — Ay). In this regard, the martensitic
volume fraction () can be expressed as follows:

B =Bo+(1—PBo)fu(tu,Tu) A—M “4)

B =Pofa(Ta,Ta) M—A &)
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where the hardening functions fM(%M,TM) and fA(’EAjA) are expressed by two successive second order polynomial
equations each and f is expressed as two consecutive second order polynomial equation. In addition, %), = ——— s

TMf—™s’
= _ T g T-M z _ T—Af
A= Ty Iy = MMy and T} = AAs

Regarding stress induced phase transformation, assumed to be at a constant temperature, the martensitic volume
fraction can be reduced to B = s and the hardening functions becomes fj,(Ty) and f4(%4), defined as follows:

~2 ~

_ a1 Ty + b1 Ty + ¢

(i) =4 A (6)
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where 0 < Byy < 1 and 0 < B4 < 1 are controlling parameters for forward and reverse transformations, respectively,
defining start and finish of the polynomial curve. By solving the system for the boundary conditions, the polynomial
coefficients are set as: ay = 1/By, ap = 1/(By—1), b = —=2/(By—1), ca =By/(By—1), a3 =1/(B4— 1), b3 =
—2/(Bs—1),¢c3=—Ba/(Bs—1), and ag = 1/By4. This leads to the stress—strain relation for forward phase transformation
as follows (Adeodato et al., 2022):

(ﬁo—l)alaf/%,l-i-l'—OCﬁo—To—G’)/—i—GQEo—I—(XQﬁ()ZO if 0 < Tyy < Bm ®)

(Bo— D) azaiy + (Bo—1)braty+1—afo+ (Bo—1)c2a— 19— Gy+Gop + o =0 ifBu<tu<1l (9

—Boazata? — Bobsatta + T — Bocsa — T — Gy + Go + oPo — To — GY+ Golo + Aofo =0 if Ba<® <1 (10)

—ﬁocmOtf'i—‘rT—To—G’J/—I—GQj/()—‘r(XQﬁQZO if 0 < Ty <Ba (11

The energy harvester employs an SMA helical spring connected to the piezoelastic beam and therfore, it is necessary
to model this element. By assuming plane section hypothesis, the torsional shear stress at the wire periphery (7,) and total
elongation (dsya = L — Lg) can be written as:

TND?
d

dspa = Yo (12)

By considering a linear strain distribution as a function of radial coordinate a, Y = 2d—”yp for 0 < a <d/2, Fspa becomes:

4 r
P — % / t(a)a’da (13)
D Jo

de Aguiar et al. (2010) and Enemark et al. (2014) discuss the main hypotheses for the modeling of SMA helical
springs. On this basis, phase transformations are assumed to be uniform in the wire cross-section, considered to be
associated with a constant strain ¥,, = %yR and a constant equivalent stress T,y = G(Yeq — APy ):

nd?
Fspa = 67Dreq (14)
and substituting 7., into Eq. 12, it becomes:
4nND?
sMa = 37 Yeq (15)
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RESULTS AND DISCUSSION

This section investigates the influence of SMA on the piezoelectric energy harvester operation. Stress-induced phase
transformations are of concern considering both preload and also by base vibration motion. Table 1 presents the parame-
ters employed for the SDOF oscilaltor based on the experimental apparatus discussed in Adeodato et al. (2021).

Table 1 — Piezoelectric energy harvester discrete parameters.

m (kg)
0.01

k (N/m)
213

¢ (Ns/m)
0.05

6 (N/V)
-3.1x1073

R (kOhm)
150

G, (B
2.48x1078

A commercial SMA helical spring (Moreli Ortodontia) is used, presenting pseudoelastic effect at room temperature
(298 K). The SMA spring presents a wire diameter d = 0.25 mm, helical diameter D = 1.25 mm, and 40 spires (N), and
an initial length of 15 mm (L) free of stress. Experimental themomechanical characterization is performed considering
DSC tests and quasi-static tensile tests that allow to build force-displacement curves using an Instron testing system (5966
model) with a controlled displacement rate of 4 mm/min. Tests are carried out at constant room temperature and different

conditions of maximum prescribed displacement, following the procedures described in Adeodato et al. (2022). Table 2
shows the parameters for the SMA austenite helical spring.

Table 2 — SMA austenite helical spring experimental constitutive parameters.

M; (K) My (K) A (K) Ay (K)
281.6 266.3 274.3 289.6
Gx (GPa) Gy (GPa) Ciy (MPa) Cy (MPa) %
275 19.6 9 11 0.015

Force-displacement curves are built by considering the polynomial phase transformation model and results are shown
in Figure 2 together with experimental curves. Figure 2 also shows the equivalent stress-strain diagrams.
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Figure 2 — SMA helical spring comparing polynomial phase transformation model and experimental data. (a)
Force-displacement curve for different maximum load amplitude. Equivalent stress-strain curves for: (b)

Ymax = 0.01. (C) Ymax = 0.02. (d) Ymax = 0.03

An analysis of preload value (PL) needs to be developed for the design of the energy harvester. The choice of PL
= 1.5 N is related to a safe operation condition even for high levels of vibration base amplitude and do not exceed the
quasi-static tested load levels. In this regard, PL = 0.5 N and PL = 1.0 N are also considered as intermediate values.
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The influence of SMA preload in the energy harvester behavior is of concern considering a condition where base
vibration is not able to promote significant phase transformation. Therefore, martensitic phase transformation remains
basically restricted due to the quasi-static preloads. Figure 3 shows SMA piezoelectric energy harvester frequency re-
sponse where curves are built considering up-sweep forcing frequency. The initial conditions are null at the beginning of
the simulation. The base vibration amplitude (4,) is set as 10 m/s? and different values of preload are treated, PL: 0, 0.5,
1 and 1.5 N. In addition, a case considering no phase transformation (without preload) is evaluated representing a linear
piezoelectric harvester where SMA austenite helical spring assumes constant shear modulus (G = G4). Maximum relative
displacement, output power, input power, and efficiency are shown in Fig. 3(a), (b), (c), and (d), respectively, indicating
that the preload is able to alter SMA spring stiffness and, as a consequence, shifts the resonance peak. Fig. 3(e) and (f)
show the maximum equivalent shear stress and martensitic volume fraction in spring wire cross section. Note that the
martensitic volume fraction is not significantly altered by the dynamical load. A dynamical jump is observed for the case
where PL=1.0 N.
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Figure 3 — Maximum values in frequency response analysis for A, = 10 m/s?. (a) Relative displacement. (b) Output
power. (c) Input mechanical power. (d) Efficiency. (e) Equivalent SMA stress. (f) Equivalent SMA martensite
volume fraction.

Figure 4(a) highlight the output power for A, 10 m/s> and the curves distribution show an improvement in energy
conversion for the case of PL =1 N and PL = 1.5. It is noticeable a region between 26 to 28 Hz where the harvester can
operate with more output power and efficiency than the other conditions. The case without preload (PL = 0 N) presents a
response that matches the linear case. On the other hand, the case with PL = 1.5 N indicates a shift Ay = 3.34 Hz (31.19 -
27.85) in resonance peak when compared with PL = 0 N and the linear case, representing a difference of 10.7% from the
initial natural frequency value (31.19 Hz).

Output power is also investigated in Fig. 4(b) by observing system performance at a stationary forcing frequency for
o = 27.85 Hz attributed to the resonance condition for PL = 1.5 N. Besides, comparing the linear case with the case of
PL = 1.5 N, a total amount of Apsyer = 0.014 mW is observed indicating an increase around 15 times for the mentioned
conditions.
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Figure 4 — Maximum output power frequency response analysis for A, = 10m/s?. (b) Output power comparison in
steady state response for stationary forcing frequency » = 27.98 Hz.
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Figure 5 shows output power frequency response for Aj, = 30 m/s” for some selected preload values (PL). Note that
the increase of the phase transformation level promotes a shift on the resonance peak. It should also be noted that there is
a region between 25 to 31 Hz where the change in SMA spring mechanical properties is able to increase the total output
power and efficiency. Dynamical jumps are observed for some levels of phase transformation (PL = 0 and 0.5 N). A
significant amount of martensitic volume fraction is obtained in the resonance region for Aj, = 30 m/s>.
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Figure 5 — Maximum values in frequency response analysis for A, = 30 m/s2. (a) Relative displacement. (b) Output
power. (c) Input mechanical power. (d) Efficiency. (e) Equivalent SMA stress. (f) Equivalent SMA martensite
volume fraction.

Following the same framework, the system operational range is evaluated by observing the output power frequency
response in Fig. 6(a). The difference in resonance peak is evaluated enhancing the ability to shift the resonance frequency
Ar =4.62 (31.19 - 26.57) Hz. This value represents an increase of 14.81% with respect to the linear case and it is
confirmed by the stationary forcing frequency steady state response as in Fig. 6(b).
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Figure 6 — Output power analysis. (a) Maximum output power frequency response for A;, = 30 m/s2. (b) Output
power comparison in steady state response for stationary forcing frequency o = 26.67 Hz.

Figure 7 presents an investigation of stationary forcing frequency for @ = 26.57 Hz attributed to resonance peak for
PL = 1.5 N and A, = 30 m/s>. Figure 7(a) and (b) shows relative displacement during preload, transient and steady
state regimes. Again, the steady state response is rendered in red and highlighted in Fig. 7(c). Figure 7(d) shows force-
displacement curve for SMA spring while Fig. 7(e) shows equivalent shear stress in SMA spring wire cross-section time
evolution. The steady state response is highlighted in red. Figure 7(f) deals with equivalent martensitic volume fraction
time evolution. The preload promotes an initial phase transformation and, in addition, base vibration motion promotes
an oscillatory phase transformation. The dissipation capacity is considerably altered due to hysteresis loop. It is possible
to note how the dynamical load provided by base vibration is able to influence equilibrium conditions by SMA phase
transformation and changes the mechanical properties.
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Figure 7 — Stationary forcing frequency analysis. (a) Phase space diagram. (b) Relative displacement time
evolution. (c) Relative displacement steady state response. (d) SMA spring axial Force x displacement. (e)
Equivalent shear Stress x Strain time evolution. (f) Equivalent martensite volume fraction time evolution

Figure 8 deals with PL = 0.5N, a situation where the maximum output power is reached, comparing the output power
frequency response with the linear case for A, = 30 m/s*> which is associated with Ar =1.59 Hz. Fig. 8(b)-(d) shows the
force-displacement curve, phase space and output power for stationary forcing frequency @ = 29.6 Hz, respectively, while
Fig. 8(e)-(g) for w = 29.4 Hz. Fig. 8(a) indicates a dynamical jump and the system sensitivity for the forcing frequency
parameter. Between @ = 29.4 and w = 29.6 Hz, there is an increase around 100 times of the output power at steady state
response (0.453 - 0.00426 mW).
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Figure 8 — Analysis of PL = 0.5 N. (a) Output power frequency response for A, = 30 m/s2. For stationary forcing
frequency and o = 29.6 Hz: (b) Force x Displacement, (c) phase space and (d) output power. For o = 29.4 Hz, (e)
Force x Displacement, (f) phase space and (g) output power.
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CONCLUSIONS

The synergistic use of SMA and piezoelectric material is investigated for energy harvesting purposes. The effect of
stress-induced phase transformation is of concern considering different preloads and base excitation. Numerical simu-
lations show that phase transformations shift the harvester frequency response by around 15% of natural frequency. In
addition, it is possible to estimate an increase of around 30 times at maximum output power in the case of a stationary
forcing frequency where preload changes in order to tune the harvester on resonance condition. Overall, the adaptive
characteristics of SMAs are interesting to enhance energy harvesting capacity of the classical piezoelectric systems.
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