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Abstract This paper investigates a novel adaptive
energy harvester that synergistically combines piezo-
electric material and shape memory alloy (SMA). The
piezoelectric material converts mechanical into electri-
cal energy while an SMA element is used as a stopper
that introduces nonsmooth nonlinearity. Nonsmooth
systems operate in different modes, with and without
contact, presenting rich dynamics that can be useful
to enhance energy harvesting capacity. Besides, the
SMA can be exploited by considering two different
behaviors: morphing ability to change the gap distance
from temperature variations; energy dissipation due to
hysteretic behavior during contact dynamical mode,
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contributing to the structural safety of the device. A
mathematical model is proposed considering a linear
constitutive model to describe the piezoelectric elec-
tromechanical behavior while a model with polynomial
phase transformation kinetics is employed to describe
SMA thermomechanical behavior. Numerical simula-
tions are carried out evaluating the influence of non-
linear characteristics due to the contact and due to
SMA phase transformations. The investigation estab-
lishes a comparison of the novel device with the linear
device and with the nonlinear device with elastic stop-
per. Results show that the adaptive harvester has better
performance for different operational conditions char-
acterized by base amplitude and frequency. Therefore,
the synergistic use of smart materials is a promising
strategy to enhance energy harvesting capacity, espe-
cially considering ambient uncertainties.

Keywords Energy harvesting - Piezoelectricity -
Shape memory alloys - Nonsmooth systems -
Discontinuous nonlinearities - Nonlinear dynamics

1 Introduction

The search for sustainable and efficient energy sources
has been motivating the development of smart adaptive
devices employed to power supply sensors and portable
devices [36,44,66]. Smart materials emerged as an
alternative to convert mechanical into electrical fields
due to their multiphysical couplings [20,22]. Among
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several possibilities, piezoelectric materials are one of
the most popular case employed in different applica-
tions related to oil drilling [64], aerospace structures
[16,60], and biomedical devices [45].

Traditional piezoelectric energy harvesters are com-
posed by a linear mechanical oscillator connected to
an electrical circuit by a piezoelectric element [62].
On this basis, the maximum energy conversion con-
dition is obtained when the external source frequency
matches the system natural frequency and therefore, the
harvester has good performance when operating under
resonant conditions [6,21,55,61]. Since environmen-
tal energy sources present intrinsic uncertainties, the
shift from the resonant condition promotes a critical
decrease in the energy harvesting capacity [7]. Sev-
eral design strategies have been developed to overcome
these limitations [10].

In this regard, nonlinear energy harvesters are being
explored to enhance harvesting capacity, establishing
broadband devices [56]. Several strategies have been
employed including mechanical, electrical and piezo-
electric nonlinearities [59]. Chen et al. [12], Triplett
et al. [57] discussed nonlinear electro-mechanical cou-
pling of the piezoelectric transduction [13]. Mechan-
ical nonlinearities are usually related to multistabil-
ity, typically imposed by either magnetic interactions
[14,26,53] or buckling [28,37].

Nonsmooth nonlinearity is another interesting alter-
native to increase system bandwidth. Discontinuous
systems, associated with intermittent contacts between
mechanical components, are employed for this aim
[52]. Usually, these systems have complex nonlinear
dynamics being identified in different mechanical sys-
tems such as drilling [5,18,43], rotordynamics [25],
impact capsules and packages [32,33].

The mathematical modeling of nonsmooth systems
involves equations of motion that operates in differ-
ent modes, with and without contact, defining a switch
model. Numerical procedures associated with these
systems are challenging and usually require special
treatments [17,47]. In general, unusual complex behav-
iors are expected for this kind of systems, including
chaos, as can be observed in the following references:
[11,39,41]. Experimental evidences assure the best
approaches to treat nonsmooth systems. On this basis,
Divenyi et al. [17] and Savi et al. [47] investigated a
nonlinear oscillator with nonsmooth support. Differ-
ent kinds of oscillators were treated by Liu et al. [34],
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Ma et al. [35], and Pavlovskaia et al. [42], showing the
complex dynamics of nonsmooth systems.

The use of nonsmoothness in smart material sys-
tems can be useful for different purposes. Shape mem-
ory alloy (SMA) stoppers are an interesting approach
to change the response complexity, avoiding undesir-
able dynamical situations. Basically, two kinds of phe-
nomena can be exploited: the dissipation due to stress-
induced hysteretic behavior; and the property change
due to temperature-induced phase transformation. In
this regard, dos Santos and Savi [19] investigated the
nonlinear dynamics of a nonsmooth oscillator with an
SMA stopper, showing the rich nonlinear response of
the system and the use of the SMA phase transforma-
tions to attenuate critical vibration situations. The same
idea was exploited in rotordynamical systems present-
ing similar qualitative behaviors by Silva et al. [50].

Nonsmoothness can be conveniently exploited to
enhance the energy harvesting capacity. Nevertheless,
it should be pointed out that, on one hand, the contact
mode promotes a broader frequency range. On the other
hand, there is a reduction of the response amplitude,
which is associated with a decrease of the harvested
power peak. Therefore, these characteristics needs to
be properly designed in a dynamical perspective.

Blystad and Halvorsen [8] proposed an experimen-
tal apparatus to investigate the energy conversion phe-
nomenon in a nonsmooth system with discontinu-
ous linear stiffness support. Hardening effects were
explored in order to obtain an increase of the sys-
tem bandwidth. Later, Halim and Park [23] presented
a theoretical-experimental analysis of low frequency
contact systems. Zhou et al. [65] presented an investiga-
tion comparing uni and bilateral contacts. Essentially,
the conclusions point to a competition between the
bandwidth increase and the peak reductions to define
the energy harvesting capacity. Al et al. [4] presented
a parametric analysis considering a nonsmooth discon-
tinuous piezoelectric energy harvester considering uni-
lateral contacts.

Liu et al. [29], [30], [31] explored one and two-
degrees of freedom harvesters with impacts while [24]
evaluated a two-degree of freedom harvester with one
piezoelectric element coupled to the first oscillator,
comparing with one and two stoppers positioned close
to the second oscillator. Alternative configurations for
nonsmooth energy harvesters are being extensive inves-
tigated, being an innovative and challenging field [49].
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The synergistic use of smart materials for energy
harvesting purposes has been employed to enhance sys-
tem capacity conferring adaptability characteristics to
traditional harvesters. Adeodato et al. [1] and Arthur
et al. [3] explored the adaptability of a piezoelectric
energy harvester conferred by a shape memory alloy
helical spring. The SMA thermomechanical behav-
ior is employed, exploiting shape memory effect and
mechanical property changes due to phase transforma-
tions. A proof-of-concept of the enhacement provied by
synergistic use of smart materials is provided, showing
numerical and experimental results using temperature-
induced phase change provided by Joule’s effect. The
same idea was discussed by Silva et al. [51] that pre-
sented a parametric analysis evaluating the influence
of temperature and mechanical loads. De Sousa et
al. [15] provided experimental and numerical analy-
ses of a typical aeroelastic section with shape memory
alloy helical springs for energy harvesting from wind-
structure interactions. Different values of SMA preload
are evaluated aiming to control the resonance frequency
together with the energy harvesting [63].

Specifically considering device configurations, Viet
et al. [58] investigated a continuous composite beam
made of two piezoelectric layers bounded to a pseudoe-
lastic core for energy harvesting. The model was com-
pared with 3D finite element simulations and results
showed a consistent behavior compared with exper-
imental data. Oudich and Thiebaud [38] explored the
two-way shape memory effect in an SMA-piezoelectric
double layer energy harvester. In this configuration,
the SMA layer is allowed to associate one geometric
shape for low temperatures and another for high tem-
peratures while [48] treated a SMA-piezoelectric beam
with tunable ability for energy harvesting, showing a
shift around 10% on the natural frequency of the beam
for the first three modes, allowing to tune the system
to match with the external frequency. A general review
comparing SMA and piezoelectric applications in com-
posite material is presented by Thomas et al. [54].

Seeking for the advance of the synergistic use
of smart material technologies and motivated by the
enhancement of the energy harvesting capacity, this
work investigates a novel adaptive piezoelectric energy
harvester with an SMA adaptive stopper. The objec-
tive is to exploit the SMA morphing ability accord-
ing to ambient changes, altering the gap by exploit-
ing the shape memory effect induced by temperature
variations. The nonsmooth nonlinearity is responsi-

ble for promoting dynamical changes. A linear model
is employed to describe the piezoelectric effect while
the SMA thermomechanical behavior is described by
a constitutive model with assumed polynomial phase
transformation kinetics [2]. On this basis, a mathe-
matical model is proposed considering a nonsmooth
thermo-electro-mechanical oscillator. Numerical simu-
lations are of concern showing that the system adaptive
behavior can properly alter system dynamics in order
to enhance energy harvesting capacity. Two different
aspects of the SMA support are exploited: morphing
ability that changes the gap; hysteretic dissipation due
to contact dynamical mode. Results show that the novel
adaptive smart device presents better performance than
the classical linear harvester or the one with elastic sup-
port.

After this introduction, the manuscript is organized
into three sections. Section 2 deals with the mathemati-
cal modeling of the adaptive SMA-piezoelectric energy
harvester. SMA constitutive model is treated and after-
ward, the equations of motion are formulated. Section 3
presents numerical simulations considering paramet-
ric analyses split into two parts: morphing the stopper
position caused by temperature-induced phase trans-
formations; stress-induced phase transformations due
to contact where the pseudoelastic hysteretic behavior
is exploited for vibration attenuation. Finally, Sect.4
discusses final remarks.

2 Adaptive SMA-piezoelectric energy harvester

This section is dedicated to the mathematical model-
ing of a piezoelectric energy harvester with an adaptive
SMA nonsmooth stopper. Initially, the SMA themome-
chanical behavior is described, presenting a constitu-
tive model. Afterward, the conceptual model and the
equations of motion are formulated for the energy har-
vester. Performance is accessed by the harvested power,
also defined in this section.

2.1 SMA constitutive model

The SMA thermomechanical behavior is essentially
related to the solid phase transformations that can
be induced by either stress or temperature. Typically,
there are two possible phases: austenite, stable in high
temperatures and in a stress-free state; and marten-
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site, stable at low temperatures and in a stress-free
state. Martensitic phase has several variants that can
be induced by stress field while austitic phase has only
one variant.

The SMA macroscopic description can be repre-
sented by thermodynamical principles, being repre-
sented by consistent constitutive models. Some overviews
of the most important models is presented by Lagoudas
[27], Paiva and Savi [40], Savi [46]. By considering
the stress o, the strain € and the temperature 7', and
assuming an internal variable that defines the volume
fraction of martensite S, it is possible to present a gen-
eral description of the SMA behavior. On this basis,
the following constitutive equation is proposed based
on the original work of Brinson [9], presented in the
form of rates:

6 =Eé+af +ET (1)

where the dots represent time derivative; « = —FEe€g
is the phase transformation parameter, where € being
the maximum recoverable strain coefficient; and E is
the thermal coefficient. E represents the Young’s mod-
ulus that is defined from its value for the austenitic
phase (E4) and martensite (Eys), being expressed as
a function of martensitic volume fraction (8): E =
E4s + B(Ey — E4). On this basis, it should be noted
that = a(B).

The two-way shape memory effect can be repre-
sented by a residual stress field that induces a marten-
sitic variant. This residual stress is due to a training
process necessary to promote the effect, that essen-
tially, associates each phase to a specific shape, and
the changes being induced by temperature variations,
without mechanical loads.

On this basis, the constitutive equation can be writ-
ten as difference equation, assuming initial condition
represented with subscript 0 and a residual stress o,
employed to respresent the two-way shape memory
effect:

(0 —00)+0, = E(e—€0)+a(B—PBo)+E(T—To) (2)

Phase transformation kinetics is described by an func-
tion, assumed to be a polynomial [2]. The phase trans-
formation induced by temperature is described by the
start and finish of critical temperatures: Mg and M 7 for
martensite; and Ay and A ¢ for austenite. On the other
hand, critical stress phase transformation are defined
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by an surface represented by the following equations,

om, =05 + Cy(T — My)
oM; =0y + Cu (T — My)

oA, = CaA(T — Ay)
oA, =Ca(T —Ay)
3)

where oy, and oy, represent the start and finish criti-
cal stresses for martensite while o4, and o4 ; represent
the critical stresses for austenite formation; oy and o s
are the start and finish values of stress for martensite
reorientation due to mechanical load at low tempera-
tures, while Cy; and Cy4 are the slope of the curves in
a stress temperature diagram according to Brinson [9].
The phase transformation kinetics is defined by
a known function. The martensitic volume fraction
is expressed as follows, respectively representing the
austenite-martensite tranformation (A — M) and
martensite-austenite transformation (M — A):

B=pHo+(—Bo)fu(Ty) A—M )

B=pofa(Ta) M— A 5)

where the normalized temperatures are defined as fol-
lows:

T, M, —T A—>M (6)

= — —

M=M= My

. Af—T

T i VRN )
Af— A,

and the hardening functions fM(fM) and fA(fA) are
expressed by two successive second order polynomial
equations:

~ a1T2 0< T < By
fu(T) =1 . N
azTM+b2TM+C2 By <T <1
3
~ a3T? +b3Ta +c3 1<T < Ba
faTa) =172 -
as T} By <T <0
©

where 0 < By < 1l and 0 < B4 < 1 are parameters
to define forward and reverse transformations, respec-
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tively, establishing start and finish of the polynomial
curve. For forward phase transformation, the coeffi-

; A _ 1 _ =2
cients are set as: a; = B’ a = By—1° by = BT’
= % while for reverse transformation, the val-

. _ 1 _ -2 _ Ba
ues are: a3 = . by = BT B3 = BT
as = BI—A. These parameters can be used to adjust

the phase transformation curve with experimental data
for each specific SMA sample, being here adopted as
By = Ba =0.5[2].

The two-way shape memory effect is represented by
assuming a residual stress field o, = E¢,. Moreover,
itis assumed that £ = 0.

2.2 Piezoelectric energy harvester

The proposed adaptive energy harvester conceptual
design is composed by a piezoelastic cantilever beam
with a tip mass in a capsule subjected to external stim-
ulus that represents the ambient energy source, Fig. 1a.
An SMA stopper confers a nonsmooth characteristic
to the system, being characterized by a gap, g, that can
change due to two-way shape memory effect. On this
basis, a temperature variation induces the gap change.
This mechanical system is coupled to an electric circuit
by a piezolectric element.

Figure 1b presents the equivalent discrete model as a
single degree of freedom oscillator characterized by the
displacement x = x(t) related to a inertial reference.
Ambient energy source is represented by a base stim-
ulus adopted to be harmonic x; = x5 (f) = X sin(wt).
The relative displacement is defined as z = z(t) =
x — xp. The overall mass of the system is considered to
be concentrated at the inertial element represented by
m. The restoring force of the beam is represented by the
linear coefficient kj;, associated with its stiffness. The
dissipation effects involved in the device movement is
represented by a linear viscous damping coefficient cp,
while the piezoelectric coefficient is represented by 6.
The SMA stopper is represented by a restitution force
Fs = 0§, where 0 = o(e, 8, T) is described by the
constitutive model discussed, and S being the SMA
cross section. Besides, a linear viscous damping coef-
ficient ¢, represents other dissipations.

Figure lc deals with the equivalent electrical cir-
cuit representation considering the piezoelectric ele-
ment containing in internal electrical resistance (R)),
capacitance (Cp) and the electromecanical coupling

as the product 6z. An external resistance (R, ) is con-
nected in parallel with the piezoelectric element result-
ing in: Rey = (Rp X Re)/(Rp + Re) = R, assuming
R, >> R,. V = V() represents the electrical poten-
tial distance around the external resistance.

The system dynamics is characterized by two modes:
without contact (z < g); and with contact (z > g). By
applying the Newton’s second law into the oscillator
and the Kirchhoff’s law for the electrical circuit, the
governing equations for each dynamical mode can be
written as follows:

mZ + cpz + kpz — 0V = —m Ay sin(wt)
if z < g (without contact) (10)
. \%
0z+CpV +—=0
Re

mZ + (cp +c5)z +kpz +0S — 0V = —mAp sin(wt)
if z > g (with contact) (11

0z +CpV + Yo

R,
where A, = —w?X is related to the base acceleration
amplitude.

The SMA stopper employs the two-way shape mem-
ory effect to change the gap due to a temperature
change. Therefore, the gap distance is defined as the
difference between an initial gap, go, and the SMA
recovered shape, being expressed according to the fol-
lowing equations:

g(g0, T) = go — €rLoll — o fa(T)] M — A (12)

8(80. T) = go—€rLoll—(Bo+(1—B0) fn(T)] A— M
(13)

where L is the initial SMA length. For low temperature
condition, martensitic phase is stable, which means that
B = 1 and the gap becomes go. For a high temperature
condition, austenitic phase is stable and 8 = 0, leading
to g = €rLy.

The harvester performance is defined in terms of
the electrical variables of the external circuit. In this
regard, the instantaneous electrical output power in the
external resistance load can be expressed by:

1 t
Pyt = — / V2dt (14)
R. J;

0
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(a)
External
¢ Resistive
Load
Structural Piezoelectric
Beam Element
Adaptive

SMA Stopper

Fig. 1 System representation of the piezoelectric energy har-
vester with adaptive SMA stopper. a Physical model. b Lumped
model of the harvester with discontinuous SMA stopper. ¢ Equiv-

3 Results and discussion

This section deals with numerical simulations that
employ the fourth-order Runge—Kutta method adopt-
ing time steps less than dt = 7 x 1073, defined after
a convergence analysis, where 7 represents the forcing
period. A total of 800 forcing periods is simulated con-
sidering that the harvester has achieved the steady state
response after 80% of the total periods.

The investigation is split into two parts defined by
the SMA stopper behavior: temperature-induced phase
transformations; and stress-induced phase transforma-
tions. The first one deals with the adaptive characteris-
tics of the harvester, associated with the SMA temper-
ature control that alters the gap, promoting dynamical
changes. The second part considers a constant temper-
ature, associated with a specific gap, exploring pseu-
doelastic hysteretic dissipation due to stress-induced
phase transformations that can attenuate critical vibra-
tion conditions.

The parameters for the oscillator are taken from
Adeodato et al. [1] being presented in Table 1. The
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(b)
1 X,(0)
> X0 R %
E Re 8 (gO’ T)k _
E - :Aduptiv;
: SMA
E Faya(T,0)

L
(1) T

C, R, |[vo| | R,

alent electrical circuit with an external resistive load in parallel
with the piezoelectric element

SMA stopper stiffness is assumed to be initially 10
times the system stiffness for ambient temperatures
(T < My where martensite phase is stable), while the
dissipation is similar ¢y = ¢, being consistent with
Al et al. [4] dos Santos and Savi [19] and Savi et al.
[47]. The properties of the shape memory alloy ele-
ment considers the parameters presented in Table 2,
being associated with a NiTi SMA commercial wire
[2].

Initially, the SMA thermomechanical behavior is
represented by considering a mechanical loading-
unloading test at two distinct temperatures: high tem-
perature T = 291 > Ay - pseudoelasticity; and low
temperature 7 = 261 < M - shape memory effect.
Figure2 presents numerical simulations for the two
cases, being represented by stress—strain-temperature
curves, but also indicating the phases involved during
the process. The high temperature behavior presents a
elastic response followed by the phase transformation.
An eleastic response occurs again in the sequel. The
reverse behavior occurs during unloading, characteriz-
ing a hysteretic behavior. Note that, when the load is



Adaptive piezoelectric energy harvester

17753

Table 1 Parameters from the one degree of freedom piezoelectric energy harvester according to experimental procedures in Adeodato

etal. [1]

m (kg) k (N/m) 0 (N/V) C, (F) R.(2) ¢p (N s/m)
0.01 213 -3.1x107° 2.48 x 1078 150 x 10° 0.05
Table 2 SMA constitutive parameters according to experimental procedures in Adeodato et al. [2]

M; (K) My (K) A (K) Ay (K) o5 (MPa) oy (MPa)
270.6 262.6 271.8 287.4 90.6 285.5

E 4 (GPa) Ey (GPa) Cx (MPa/K) Cy (MPa/K) €R By = Ba
43.2 18.9 7 6.5 0.06 0.5

removed, the SMA does not present any effect, but the
process dissipates energy through the hysteresis. The
low temperature behavior, on the other hand, presents
a residual strain after unloading, which means that
reverse phase transformation does not occur. Neverthe-
less, this residual strain can be eliminated by increas-
ing the temperature, which promotes the temperature-
induced phase transformation, recovering the initial
shape.

The two-way shape memory effect is represented by
a residual stress field, allowing the association of one
shape for each temperature. This behavior allows one
to change the gap distance of the SMA stopper based on
the initial gap position (go) and the SMA temperature
(T). Figure 3 shows an investigation of the gap distance
relative to the initial gap go. Different curves are shown
considering heating and cooling the SMA stopper for
different values of stopper initial length (Lo). The start
and finish SMA phase transformation temperatures are
highlighted to show the region where phase transfor-
mation occurs. Note that, since the SMA residual strain
coefficient is eg = 0.06, the final gap becomes close to
zero if the SMA initial length Ly = 16.66g(, according
to Eq. (12). On the other hand, an SMA initial length
Ly = 3.33g0 would present short capacity to promote
a considerable change on the final gap distance. For this
reason, an intermediate curve is chosen as Lo = 10gg
for further analyses and, as a consequence, the gap can
vary in 60% of the initial gap. These observations com-
pose one of the contributions of this paper that consid-
ers the SMA initial length with the ability to manipulate
the gap distance in compact energy harvesters.

3.1 Temperature-induced phase transformations

A dynamical analysis of the energy harvester is now of
concern considering situations related to temperature-
induced phase transformations, which means that
stress-induced phase transformations do not occur. This
kind of behavior is associated with moderate external
stimulus. A parametric analysis is developed allowing
one to investigate the system performance over differ-
ent conditions. Initially, a frequency response is inves-
tigated, promoting an up-sweep test varying the forcing
frequency w and evaluating the system maximum dis-
placement. Different temperatures and, therefore, dif-
ferent gaps are analyzed. This allows one to build a 3D
diagram showing frequency responses (displacement-
frequency) for different temperatures (or gaps) (Fig. 4).
The maximum displacement is presented in Fig.4a
while the maximum output power converted by the
harvester is shown in Fig.4b. By picking up a spe-
cific temperature to facilitate the visualization, a typical
nonsmooth frequency response is observed and showed
in Fig.5. Note that the increase of frequency tends to
increase the amplitude, but the nonsmooth nonlinearity
deforms the classical resonant curve. This deformation
is associated with a dynamical jump that occurs for
a specific frequency. This behavior increases the fre-
quency bandwidth of the system since a greater region
of high amplitude response is observed.

These curves allow the analysis of different sce-
narios in terms of the gap distance as consequence of
the SMA temperature variation and the shape memory
effect. It should be pointed out that only temperature-
induced phase transformations are occurring, which
means that relative small base amplitudes are of con-
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Fig. 3 The SMA stopper capacity to thermally control the final
gap distance in terms of a percentage of the initial gap for dif-
ferent values of initial SMA length (L¢). Phase transformation

cern (A, = 1m/s?). This level of base amplitude is
associated with the linear regime of the SMA stopper
stress—strain relation. Nevertheless, different gap dis-
tances and stiffness associated with each temperature
condition can be achieved. The maximum relative dis-
placement and output power occur for @ = 146 rad/s
and their values are 1.37 mm and 4.47 wW, respectively.
This happens when the SMA stopper temperature is less
than My and therefore, the g = go = 1.5 mm.

A different perspective of the system response is pre-
sented in Fig. 6 that shows color maps of Fig.4 illus-
trating maximum displacement and output power con-

@ Springer

critical temperatures are shown for martensite start M and final
M ¢, and austenite start Ay and final A ; according to Table 2

verted for A, = 1 m/s?. Fig.6a deals with the system
maximum relative displacement and Fig.6b presents
the maximum output power by 2D colored surfaces
associated with Fig.4. Note that for low temperatures,
where contact does not occurs, the system presents a
linear response with the maximum power associated
with the resonance condition followed by a consider-
able decay in performance under different conditions.
Through Fig. 6b, it is possible to determine that for low
temperatures, the system presents a range from 141
to 151 rad/s with consistent output power resulting in
a interval of 10 rad/s where the system can operate
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(a)
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Fig. 4 Tridimensional diagram comparing the harvester perfor-
mance in therms of forcing frequency w and gap distance as a
consequence of SMA shape memory effect. By increasing the
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Fig. 5 Maximum response obtained in therms of forcing frequency o for an specific SMA stopper temperature 7 = 279 K and low
base vibration amplitude A, = 1ms”. a Maximum relative displacement. b Output power

above 20% of the maximum power (0.89 WW). Alter-
natively, when the SMA temperature reaches A, phase
transformation starts and the gap distance becomes
smaller, increasing the system bandwidth in a nonlinear
response. The system presents a range from 144.5 to
186.8 rad/s above 20% of the maximum output power,
in a range of 42.3 rad/s. These results state that the fre-

quency operational range can be extended more than 4
times.

Based on the value of the linear resonance frequency
(wp = 146 rad/s) when the stopper is at T < My
and the frequency associated with the maximum peak
obtained from Fig.6 when the stopperisat T > Ay
(or = 186.6 rad/s), it is possible to find the tem-
perature that the stopper must be for a given excita-
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tion frequency between this range considering a lin-
ear relation between both conditions of resonance and
connected by the martensitic volume fraction. On this
basis, concerning a nonlinear governing law for £, an
interpolation between the peak points may be devel-
oped and one derives the following expression to rep-
resent the envelope of the output power boundary in
Fig.6: w = wr + ﬂ(f)(a)n — wr). Hence:

~ w — T
By = L=
w, —
_ a3T§+b3TA+C3 1<T < Ba (15)
N a47~“§ BA<T§0

and T can be determined by solving Eq. (15) and
accordingto T = Ay — T (Ay — Ay).
If1<T <Ba

as 2 2a3 b3
B 2 |a +
[mf—mﬂ} [f<mf—mﬂ CM—AQ[

— a3A2 b
Wp — WT (Af — Ay) (Af — Ap)

(16)

IfBy <T <0

T=A;—(Aj—Ay), | ——2T (17)
‘ ‘ as(wy — or)

The curves referred to Egs. (16) and (17) are shown
in Fig. 6a where it is possible to observe a critical dif-
ference. This is associated with the fact that even when
SMA phase transformation starts, and the gap becomes
smaller, the contact still not occurring until the gap
assumes the value of the maximum linear displace-
ment. The adjust of the curve can be done by substi-
tuting the variable Ay at Eqs. (16) and (17) by A, the
temperature where the contact starts to occur. This dif-
ference is showed in Fig. 6a allowing one to determine
the temperature where the stopper needs to be for a
given external forcing frequency. These set of equations
from Eq. (15) to Eq. (17) provides a novel procedure
to tune the harvester dynamical response through the
SMA thermomechanical coupling during low energy
contact conditions that is going to be explored next.

Based on that, a dynamical investigation is now in
focus showing situations where the variation of the
forcing frequency can be compensated by the change of
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the SMA temperature, adjusting the harverter to keep
a good performance. Three conditions of SMA tem-
peratures are selected for a detailed analysis, presented
in Fig. 7. On this basis, consider an operational condi-
tion at w = 146 rad/s. For a low temperature condition
(T < M) related to the SMA stopper at full marten-
sitic phase, the gap is g = go = 1.5 and dynamics is in
noncontact mode, presenting a good perfomance. The
increase of the forcing frequency changes the harvest-
ing capacity, and a thermal load can be applied in the
SMA stopper until 7 = 279 K, changing the gap to
g = 1.1 mm. This movement is represented by yellow
dots in Fig.7. In this regard, it is noticeable a nonlin-
ear response attributed to the contact where the system
operational range suffers an increase until 157 rad/s,
followed by a dynamical jump from 4.12 to 0.2 pW.
This effect can be even more prominent for 7 = 291
K where the SMA presents full austenitic phase and
g = 0.6 mm, which means that the harvester can keep
working until 186.8 rad/s with 3.7 pwW. Two nonlinear
phenomena are involved in this situation. The first is
the nonsmoothness related to the contact, promoted by
the SMA temperature; the second is the stopper stiff-
ness, associated with the SMA elastic modulus of each
phase, varying from E s to E4, which changes band-
width.

The adaptive characteristic is now investigated
through time domain analyses following the path
described by the yellow dots in Fig. 7. Figure 8 presents
results considering 200 forcing periods for each inter-
val of frequency, which ensures that the steady state
response is reached. Figure 8a presents time series for
relative displacement and Fig. 8b for output power in a
situation where the forcing frequency starts at w = 146
and low temperature 7 = 271 K, without contact, and
therefore, with a linear response. The system perfor-
mance is enhanced by heating the SMA stopper to
T = 279 K, leading the system to a nonlinear response
due to contact. The SMA stopper now presents both
martensitic and austenitic phases and the stopper stiff-
ness is increased compared to the previous condition.
Afterward, the forcing frequency starts to increase from
146 to 150 and 155 rad/s when it is possible to note
an increase of the total output power, as showed in
Fig. 8b. A comparative analysis is shown in gray curves
that SMA stopper is not activated, clearly establishing
the difference in the system response. By continuing
to increase the forcing frequency to w = 170 and 180
rad/s, the system may be heatedto 7 = 291 K where the
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Fig.7 Adaptive output power frequency response for different conditions of SMA stopper temperature (") associated to gap distances.
A representative path following optimal conditions is indicated for base amplitude A; = 1 m/s>

relative displacement is considerably bigger than the
situation where the SMA temperature does not change.

The performance metrics considers the mean of the
output power for the total curve presented in Fig. 8b.
The linear case, without SMA actuation, presents 0.7
LW as the total mean while the adaptive stopper
presents 1.44 wW. The difference represents twice the
mean output power for the SMA adaptive stopper when
compared with a linear harvester over the 30s.

The harvester dynamics is now investigated in Fig. 9
with results for steady state response at selected sta-
tionary forcing frequencies: 146, 155, and 186 rad/s.

Different conditions can be achieved by controlling the
SMA temperature and the gap distance according to the
phase spaces in Fig.9c, f, and i, respectively. For w =
146 rad/s, the linear response, plotted in gray lines,
presents the good performance condition with larger
displacement and output power, followed by the con-
dition associated with 7 = 271 K and T = 291 K.
For w = 155 rad/s, contact occurs when the SMA is
activated and the best performance is now associated
with T = 279 K, followed by T = 291 K. Note that
under these conditions, the contact still occurring in the
steady state response which promotes a better perfor-
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Fig. 8 Adaptaptive harvester response for increasing forcing frequency @ and SMA temperature (7') change from 271 K to 291 K. a

Relative displacement. b Output power

mance than the linear case for 7 = 271 K. Finally, for
o = 180 rad/s, the best condition is related to 7 = 291
K, where the phase space is considerably affected by
the contact with the SMA stopper. With 7 = 271 K
and 279 K no contact occurs and both conditions are
associated with a linear response.

3.2 Stress-induced phase transformations

The previous section discussed the adaptive behavior
of the energy harvester considering low energy level
situations, where amplitudes are not enough to pro-
mote stress-induced phase transformations. This sec-
tion deals with situations where these phase transfor-
mations can be induced. On this basis, the peseudoe-
lastic effect is of concern and hysteretic behavior is the
main phenomenon behind the system response. This
behavior dissipates energy, being expected to reduce
energy harvesting capacity, but also contributing to the
device safety and durability. Therefore, the objective of
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the present investigation is to explore the pseudoelastic
effect on the SMA stopper due to the contact for higher
base vibration amplitudes (Ajp). It is assumed a con-
stant temperature 7 = 291 K and gap distance go =
0.6 mm. The SMA stopper now starts in fully austenitic
phase and numerical simulations are performed with
time steps df = (1/3)7 x 1073, smaller than the pre-
vious cases.

Fig. 10a presents results for maximum relative dis-
placements in up-sweep frequency analysis while
Fig.10b deals with the maximum martensitic vol-
ume fraction for different values of Aj. The pseu-
doelastic effect confers an additional nonlinearity that
shifts the maximum peak frequency depending on
the base amplitude. Complex nonlinear dynamics are
detected, specifically multiple dynamical jumps and
multi-periodic orbits. The total amount of martensitic
phase, represented by the volume fraction g formed
during the contact, can be associated with the dissi-
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Fig. 9 Steady state response for the adaptive SMA piezoelectric harvester for stationary forcing frequency. a—c for w = 146 rad/s. d—f

for w = 155 rad/s. g—f for w = 180 rad/s

pated energy allowing the harvester to support severe
conditions of vibration amplitudes.

Fig. 11 shows a bidimensional colored surface asso-
ciated with Fig. 10. When phase transformation occurs,
three phenomena are related to the nonlinear response:
nonsmoothness; stiffness variation; hysteretic energy
dissipation. The relative displacement (Fig. 1 1a) can be
smoothed through the softening effect associated with
martensitic transformation. The region of high energy
motion is extended from a single peak (linear response)
to multiples peaks according to the level of base ampli-
tude. Figure 11b deals with the martensitic volume frac-
tion formed during the contacts.

In the sequel, results present the harvester output
power frequency response highlighting interesting con-
ditions for steady state analysis. Figure 12a presents the
output frequency response associated with the analyses
in Figs. 10 and 11, highlighting the region from 121 to
128 rad/s where the system response shifts from period-
1 to a period-3 response for A, = 4m/s>. Note that

for this interval, the maximum output power response
becomes closer to the harvester response for A, = 6
and 8 m/s>.

As an example, a stationary frequency of w = 125
rad/s is selected and its steady state response is pre-
sented in Fig.12b—d, showing the relative displace-
ment, the output power times series and the phase
space with the referred Poincaré sections, respectively.
Under this condition, stress-induced phase transfor-
mation does not occur. Therefore, the transition to a
period-3 orbit is associated with the nonsmooth non-
linearity. In addition, the maximum output power for
Ap = 4m/2? occurs at @ = 169 rad/s with 7.8 pW
followed by a dynamical jump between 180 and 181
rad/s. The dynamical jump is now associated with two
phenomena as the contact and the transition from a
condition where incomplete SMA phase transforma-
tion occurs, to a condition where phase transformation
does not occur any more.
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Fig. 10 Tridimensional diagram comparing the harvester performance in therms of forcing frequency w and forcing amplitude A;. a
Maximum relative displacement. b Maximum Martensite volume fraction
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Fig. 11 Maximum distribution surface in therms of frequency w and base acceleration amplitude A,. a Relative displacement. b

Martensite volume fraction

Figure 12a also highlights a region for A;, = 6 m/s?
around 107 to 126 rad/s where the system shifts from
a period-1 to a period-2 orbit. Note that the harvester
maximum output power response is even higher than
for A, =8 m/s”. Figure 12e shows the relative displace-
ment for @ = 110 rad/s while Fig. 12 f and g present
the output power and phase space with the Poincaré
sections, respectively. Figure 13c¢ and d show incom-
plete phase transformation through stress—strain curve
and martensite volume fraction times series. The phase
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transformation can contribute to increase the nonlin-
ear response which can be associated with the changes
in the stopper mechanical properties promoted when
contact occurs.

Figure 14a evaluates the harvester output power fre-
quency response when base amplitude is A, = 6 m/s?
and another regions are highlighted for analysis. It takes
an interval from 178 to 188 to evaluate a region where
the harvester performance can abruptly changes pre-
senting dynamical jumps and phase transformations.
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Fig. 12 Harvester dynamical response for constant SMA stop-
per temperature and fixed gap distance. a Maximum output
power frequency response for different values of base accelera-
tion amplitudes. b Relative displacement in steady state response

Figure 14b, ¢ and d illustrate this behavior for =
178 rad/s, presenting the higher orbit amplitude and
complete phase transformation due to contact, @
183 rad/s presenting incomplete phase transformation.
Finally, for w = 188 rad/s, no contact occurs leading the
system to a small orbit response. Figure 13e presents the

for stationary w = 125 rad/s and A, = 4m/s%. ¢ Output power.
d Phase space. e Relative displacement in steady state response
for stationary w = 110 rad/s and A; = 6m/s>. f Output power.
g Phase space

stress—strain diagram when the contact occurs for this
three last condition of forcing frequency while Fig. 13f
is associated with the martensitic volume fraction time
series. Note that for @ = 188 rad/s, no phase trans-
formation occurs since contact does not occurs neither.
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The maximum output power occurs at @ = 179 rad/s
associated with 30 pwW.

A condition for A, = 8m/s? is now of concern
(Fig. 15a). The frequency response presents two Vvis-
ible slopes where the first one is between 140 to 160
rad/s, being associated with contacts with incomplete
phase transformations. The second slope remains from
161 to 193 rad/s, where a complete martensitic phase
is achieved during the contact. The maximum output
power of 100 wW is found at @ = 193 rad/s followed
by a dynamical jump when the harvester performance
drops to small values. Figure 15a—c evaluate the system
performance in a interval of 1 rad/s enhancing the con-
siderable changes in dynamical response. Note that, in
Fig. 15b and d, the relative displacement total ampli-
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tude goes from 3.68 mm to —6.54 mm in a total of
10.22 mm for A, = 8m/s’.

3.3 Comparative analysis

As an overall comparative analysis, three different con-
figurations are investigated: a linear harvester, where
contact does not occur; a nonsmooth harvester, with
constant gap distance and stiffness related to E 4 ; and an
adaptive harvester, with a gap that can vary. The inves-
tigation evaluates the harvester performance through
SMA phase transformations induced by temperature
and mechanical loads.

Figure 16a compares the shifts in frequency w with
respect to the base amplitude, showing the maximum
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Fig. 14 Harvester dynamical response for constant SMA stop-
per temperature and fixed gap distance. a Maximum output
power frequency response for different values of base accelera-

peak of output power. The linear harvester does not
present change with respect to its maximum peak. By
considering the harvester with constant gap stopper,
the frequency peak tends to increase from 186 rad/s
due to the hardening effect promoted by the contact
where both stiffness from the beam and the support act
together. These value tends to reach a plateau around
224 rad/s when the base amplitude becomes significant
and the contact occurs for basically all frequencies in
the evaluated range. The harvester with adaptive SMA
stopper presents the possibility to shift its w peak due to
the shape memory effect in a region until A, = 1 m/s?
where the gap distance varies and the peak frequency
shifts from 146 to 186 rad/s according to the SMA
temperature.

After that, until A, = 8m/s2, nonlinear effects
become more evident since phase transformations are
responsible for a softening effect. It is important to note
that the start and finish of SMA critical stress can also be

tion amplitudes. b Relative displacement in steady state response
for stationary w = 178, 183 and 188 rad/s and A}, = 6m/s. ¢
Output power. d Phase space

adjusted by the temperature, allowing one to move from
the black dots to the blue dots by increasing even more
the SMA temperature to 7 >> A y. At this point, the
critical stresses become high in such a way that phase
transformation cannot occur anymore and the adaptive
harvester achieves the same condition of the one with
constant gap. Afterward, the stopper with constant gap
presents a shift with respect to the frequency of 38 rad/s
(from 186 to 224) while the adaptive stopper presents
a shift of 78 rad/s (from 146 to 224).

Figure 16b presents the maximum martensitic vol-
ume fraction formed for each base amplitude. This
result is interesting to determine the regions where
complete or incomplete phase transformations occur.
Figure 16¢c presents the maximum relative displace-
ment of the stopper indicating how the stopper can limit
the maximum amplitude of the harvester operation. The
nonsmooth harvester with constant gap and the one
with adaptive stopper present low maximum ampli-
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Fig. 15 Harvester dynamical response for constant SMA stop-
per temperature and fixed gap distance. a Maximum output
power frequency response for different values of base accelera-

tudes when compared with the linear harvester. Two
phenomena explains this behavior: the hysteretic dis-
sipation that attenuates the maximum amplitude; and
the softening effect attributed to pseudoelasticity which
tends to increase the amplitude. Comparing the system
with elastic stopper with the one with adaptive stop-
per for similar amplitudes and strains, the martensitic
phase transformations require less force to achieve the
same condition, which ensures safety and reliability.
Figure 16d shows the maximum output power for
each specific value of base vibration amplitude. It is
noticeable that stress-induced phase transformations
and energy dissipation have a great influence on sys-
tem performance. Once again, by increasing the SMA
temperature to values T >> A, itis possible to avoid
stress-induced phase transformation and move from the
black curve to the blue curve. This result can lead to
an output power close to a linear harvester with the
possibility to adapt according to external changes.
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tion amplitudes. b Relative displacement in steady state response
for stationary w = 193, and 194 rad/s and A;, = 8m/s2. ¢ Output
power. d Phase space

4 Conclusions

This paper proposes a novel adaptive nonsmooth
energy harvester that synergistically combines piezo-
electric and SMA elements. The SMA morphing ability
is exploited to change the gap distance, altering the sys-
tem nonlinearity. The harvester is modeled as a nons-
mooth oscillator, with an SMA stopper, connected to an
electrical circuit by a piezoelectric element. The SMA
thermomechanical behavior is described by a consti-
tutive model with assumed polynomial phase trans-
formation kinetics. Numerical simulations are carried
out considering the SMA nonsmooth system exploit-
ing two situations: the gap adaptiveness induced by the
two-way shape memory effect; pseudoelastic hysteretic
dissipation due to stress-induced phase transformation.
A parametric investigation is developed varying forc-
ing frequency and amplitude, suggesting specific con-
ditions where the SMA phase transformation is capable
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Fig. 16 Comparative analysis concerning different designs of
piezoelectric nonsmooth energy harvesters by capturing the max-
imum peaks for evaluated base acceleration amplitudes A, con-

to improve the energy harvesting capacity due to non-
smoothness.

The gap control allows interactions between the
harvester capacity and ambient changes. A broader
frequency bandwidth is observed due to nonsmooth
behavior. But there is a competition between broad-
band and amplitude that needs to be carefully adjusted
based on the dynamical perspective. Results show thata
change on ambient sources can be overcome by proper
gap distances, induced by SMA.

In a different perspective, stress-induced phase
transformations are evaluated by considering hysteretic
energy dissipation due to pseudoelastic effect. This
situation can significantly contribute to the increase
of the maximum output power and also limits criti-
cal responses. SMA pseudoelastic behavior promotes
complex responses, represented by dynamical jumps.

A comparative analysis considering three configu-
rations is developed: a linear harvester, where contact
does not occur; a nonsmooth harvester, with constant

ditions. a Frequency w of peaks. b Martensite volume fraction.
¢ Maximum displacement. d Output power obtained in peaks

gap distance and stiffness; and an adaptive harvester,
with gap that changes. Results show that the nonlinear
harvesters present a broadband over the linear harvester
performing in different conditions of forcing frequency
and base amplitudes. On this basis, the SMA adaptive
harvester presents the ability to shift its operational
range according to temperature and can also prevent
failure due to hysteresis.

In summary, the adaptive energy harvester with
SMA stopper is an innovative and promising idea for
further developments of energy harvesting devices.
Nevertheless, the nonlinearities involved are respon-
sible for complex dynamical behavior and therefore, a
in-depth understanding of nonlinear dynamics is essen-
tial for the system design. Besides, it is important to
investigate the fatigue life related to the device since
contacts can dramatically alter its lifespan.
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