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Abstract

This study examines how the frequency of an innovative energy harvester is tuned and
how it behaves. This harvester transforms thermal energy into mechanical oscillations
of two polyvinylidene fluoride (PVDF) piezoelectric beams, which produce electrical en-
ergy via a shape memory alloy (SMA) thread. The oscillation frequency is modified by
two magnetic weights that are positioned symmetrically on the SMA thread and interact
with stationary NdFeB permanent magnets. The SMA thread shifts laterally due to lon-
gitudinal thermal contraction and expansion induced by a constant-temperature heater.
Temperature gradients above the heater trigger cyclical variations in the length of the SMA
thread, leading to autonomous vibrations of the masses in both the vertical and horizontal
planes. An experimental apparatus was constructed to analyze the harvester by tracking
the motions of the masses and the voltages produced by the piezoelectric beams. Informa-
tion was gathered regarding the correlation between output voltage and power with the
consumer’s load resistance. These outcomes were confirmed using a multiphysics dynamic
simulation that incorporated the interconnections among mechanical, thermal, magnetic,
and electrical systems. The findings indicate that the use of permanent magnets increases
the bending vibration frequency from 8.3 Hz to 9.2 Hz. For a heater maintained at 70 ◦C,
this boosts the output power from 1.9 µW to 8.18 µW. A notable property of the considered
energy harvester configuration is its ability to operate at cryogenic temperatures.

Keywords: frequency tuning; permanent magnet; thermal energy harvesting; vibrations;
shape memory alloys; polyvinylidene fluoride

1. Introduction
Energy storage from oscillating sources is a promising solution for energy supplying

of devices with low energy consumption [1–4]. Among the various sources of unexploited
ambient energy, mechanical vibrations, optical radiation, and thermal energy are the most
widely used [5–7]. The rapid response rate, which significantly influences the efficiency
of the energy delivered by the mechanism, presents a challenge for actuators utilizing
shape memory alloy (SMA) components. The duration required to attain phase transitions
of these harvesters can be reduced. In other words, the response rate is limited by the
time for heating and, in particular, the time required for temperature reduction of the
SMA element actuator. Therefore, minimizing the duration required to attain the phase
transformation temperature is essential to increase the reaction rate. One of the methods
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for improving the response speed of the SMA is to reduce the dimensions. A triggering
rate of 1.6 kHz has been reported as the thickness of the shape memory alloy element
approaches 1 µm. These are several orders of magnitude higher than the speeds typically
associated with SMA actuators [8]. Nonetheless, actuation speed is influenced by multiple
factors beyond the geometric sizes of the SMA element. For some actuators, the actuation
speed may vary depending on alterations in the thermal cooling or heating response of the
actuator. This means that even if actuators have close dimensions with respect to the SMA
driving element, the dynamic response would be different depending on the change in the
generalized inertia coefficient of the entire actuation system or the supplied power required
for actuation [9,10]. Changing the chemical composition of the SMA in the actuator allows
for the cyclic transformation of the SMA over a lower thermal range. Introducing a small
quantity of titanium into the Cu-Zn-Al alloy substantially lowers the martensite phase
temperature range [11].

The efficiency of energy harvesting in piezoelectric cantilever (PEC) devices depends
on the magnitude of the frequency at which the mechanism oscillates [12,13]. To increase
the energy harvesting efficiency, many methods have been proposed to optimize the energy
harvesting by adjusting the oscillation frequency [14,15]. One approach to regulating the
oscillation frequency involves employing multiple piezoelectric cantilevers with mechani-
cal resonance frequencies strategically distributed across the target frequency spectrum,
ensuring that at any given frequency, at least one cantilever vibrates near its resonance
point. The widely adopted methodology for designing such a system is presented in [16,17].
The frequency configuration of the PEC can also be achieved by varying the magnitude of
the generalized inertia coefficient of the beam [18] or the elastic properties of the PEC [19].
The stiffness of the PEC can be varied by changing the dimensions of the cantilever or
its material characteristics. Some solution developments include the piezoelectric char-
acteristics of the PECs and the properties of the electric diagram in the calculations [20].
Methods for frequency scaling [21,22], the implementation of non-linear methods [23–25],
and introducing innovative elements such as inerters [26] have also been proposed.

Bouhedma et al. have presented a piezoelectric vibrational energy harvester whose
frequency characteristics can be altered using magnets with an up-to-18% change [27].
To achieve high electrical power stability, a concept for a piezoelectric energy harvester
that mimics the switch mechanism has been proposed. The extracted energy is increased
by a collision between two magnets [28]. The dynamics of a bistable magnetic oscillator
are controlled by the strength and polarization of the added magnets [29]. The extracted
energy voltage reaches the highest value in nonlinear oscillations, with the output power
improved by up to 600% compared to linear oscillations. The operational principle of
vibrating energy harvesters with permanent magnets is reviewed, and questions of stability
regarding magnets with different forces are discussed to increase the harvested power out-
put [30]. The dynamic behavior of tri-stable energy harvesters with wide a frequency range
employing magnetic coupling has been systematically analyzed [31]. In comparison to the
bi-stable configuration, the investigations indicate that this harvester transitions more read-
ily between its distinct states, enabling enhanced energy output across a broader frequency
spectrum. A broadband nonlinear quin-stable energy harvester is considered [32]. Control
over the piezoelectric energy generated is achieved by magnets usually deployed in a repul-
sive or attractive configuration [33]. The combined use of piezoelectric and electromagnetic
transduction within this hybrid approach significantly improves the harvester’s energy
output under identical external excitation conditions [34]. Moreover, the development of a
new generation of devices is feasible through the utilization of materials and structures that
exploit magnetoelectric effects. In ferromagnetic–ferroelectric layered composites, magneto-
electric coupling emerges from the interaction between magnetostrictive and piezoelectric
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responses occurring during ferroelectric phase transitions. The important advantage of
magnetic field-based methods compared to mechanical methods is their remoteness and
lack of contact. Ferrite-based composites hold significant potential for applications in
sensing technologies, self-powered systems, electrically tunable microwave devices, and
other advanced functional components [35]. Several reviews on piezoelectric energy har-
vesting have been published, most of them mainly focusing on biomedical applications [36],
microelectromechanical systems (MEMS) [37], nanogenerators [38], materials, and energy
harvesting from various sources [39].

In previous publications, the authors of this paper have developed and investigated a
self-excited thermomechanical oscillator [40] and an energy harvester [41] in which the heat
of a constant-energy heater is converted into vibrations of an SMA thread. Two masses are
mounted on the SMA thread, which perform vibrations in two perpendicular directions:
longitudinal and transverse. The longitudinal vibration is due to the contraction of the
SMA thread when it approaches the heater. These contractions shorten the thread, and this
causes it to move away from the heater and subsequently cool with elongation due to the
inertial forces of the masses. The transverse vibrations are due to the relative movement
of the thread from the SMA in the vertical direction and are caused by inertial forces
and the weight of the masses, in addition to the contractions. The variation in Young’s
modulus resulting from phase transitions of the SMA thread induces an additional, higher-
frequency oscillation that superimposes onto the primary longitudinal vibrations. The
energy harvester [41] implemented on this principle transforms the resulting oscillations
through piezoelectric cantilevers mounted at the ends of the thread. Studies have shown
that the vibrations have a pseudo-stochastic character due to the hysteresis of the relative
martensitic fraction.

The aim of this of this work is to examine potential approaches for improving the
generated power of the above-described self-excited thermal energy harvester by tuning
the resonant frequency of the vibrating SMA thread using permanent magnets.

2. Architecture of the Vibration-Based Energy Harvester and Its Natural
Frequency Tuning System

The thermoelectric energy harvester comprises a SMA thread anchored between two
fixed supports, D and C, symmetrically positioned with respect to a stationary heater. Two
identical spherical masses are rigidly attached to the wire in proximity to the heater, on
which magnetic forces, due to symmetrically placed NdFeB magnets (M1 and M2), act.
Located at the fixed termini of the SMA thread, two piezoelectric cantilevers are affixed
via a heat-resistant foil, enabling them to track the bending deformation of the thread. The
assembly maintains geometric symmetry relative to the y-axis of the reference coordinate
system Oxy (Figure 1). The thread material is a shape memory alloy, Nitinol (NiTi), known
by the trademark Flexinol® [42], manufactured from a slender PVDF sheet, which was
integrated into the piezoelectric cantilevers.

The operational principle of the energy harvester, as previously described, relies on
thermal variations above the heater. Elevated temperatures near the heater surface induce
contraction in the SMA thread, causing it to retract from the heated region. Upon entering
the cooler zone, the SMA thread becomes more pliable and elongates under the inertial
forces of the attached masses, drawing it back toward the heater and into the magnetic
field’s active region. This thermomechanical cycle repeats continuously, generating periodic
vibrations in the SMA thread and mass assembly. The resulting bending deformations near
the fixed supports are transmitted to the piezoelectric cantilevers, which, in turn, convert the
mechanical energy into electrical energy (see the Video in the Supplementary Materials).
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Figure 1. Scheme of the thermoelectric energy harvester.

3. Composing the Dynamical Model by Combining the Interactions of
the Different Physical Domains

The spacing between the two anchors, D and C, is configurable, enabling the instal-
lation of the SMA thread under initial tension or initial slack. The geometric parameter
notations correspond to those presented in Figure 1, and the methodology for analyzing
the mechanical and thermal strains in the SMA thread and PVDF cantilevers aligns with
the procedure outlined in [41].

3.1. Elsatic and Thermal Parameters of the SMA Thread and Bending of the
Piezoelectric Cantilevers

The distance between the fixed points D and C is chosen, 2l; the half pre-strain ∆ls0 is
equal to

∆ls0 = l − ls. (1)

where 2ls is the applied length of the SMA thread before tensioning.
A relative length, λ0, is introduced as

λ0 =
l1
l
=

l3
l

. (2)

where l1 = DA0 and l3 = B0C are the lengths of the thread sections if the ferromagnetic
masses lie on the DC segment.

Considering the symmetric arrangement and uniformity of the distribution of the
deformations along the entire length of the thread, the pre-strains ∆ls1 and ∆ls3 of the end
sections DA0 and B0C are equal and can be expressed as follows:

∆ls1 = ∆ls3 = ∆ls0λ0. (3)

In this case, for the middle section, A0B0, its deformation can be written as follows:

∆ls12 = 2∆ls0(1 − λ0). (4)

Due to the specific symmetrical design shown in Figure 1, it can be proved that the
middle-section thread moves parallel to the horizontal surface of the heater; therefore, its
temperature is uniformly distributed. Since the end sections DA0 and B0C are relatively far
from the heater, they are assumed not to heat up and their temperature is low; i.e., they are
cold sections with a temperature equal to that of the room. The deformation of the cold (or
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end) sections due to the displacement of the ferromagnetic weights and the initial tension
for the symmetrical motion variant has the following form:

∆l1 =

√
(xA − xD)

2 + (yA − yD)
2 − l1 + ∆ls0λ0 (5)

and
∆l3 =

√
(xB − xC)

2 + (yB − yC)
2 − l3 + ∆ls0λ0, (6)

where the coordinates of the points D, A, B, and C are xD, xA, xB, xc yD, yA, yB, and
yc, respectively.

Under the same conditions, for the middle section, deformation can be written
as follows:

∆l2 =

√
(xA − xB)

2 + (yA − yB)
2 − l2 + 2∆ls0(1 − λ0) (7)

where l2 = A0B0. Since the end sections of the SMA thread are room temperature, which is
smaller than the final martensitic temperature, Mf, of NiTi, the stiffness of these sections
can be expressed by

kl =
Em A

l1
, (8)

where Em is the NiTi Young’s modulus of the martensite, and A is the cross-sectional area
of the SMA thread.

For the stiffness of the middle section, it can be written as follows:

kT =
E02 A

l2
, (9)

but since this section is subjected to varying temperatures that cause all phase transforma-
tions in NiTi, the Young’s modulus E02 also transforms depending on the current phase.
According to the model discussed in [43], this module can be represented by

E02 =


Ea − (Ea − Em)Rm i f 0 < εs2 ≤ ε

y
m

Ea − (Ea − ET)Rm i f ε
y
m < εs2 ≤ εd

m
Ea − (Ea − Ed)Rm i f εd

m < εs2

(10)

where Young’s modulus Em, ET , Ed, and Ea are, respectively, the fully twined, partially
twined, and detwinned martensite and austenite; ε

y
m is the yield strain of the twined

martensite; εd
m is the minimum strain of the detwinned martensite; and

εs2 =
∆l2
l2

(11)

is the middle-section strain.
The relative martensite fraction Rm is expressed as

Rm =
SR
2

(
1 + tanh

Tm − T
λT

)
+ RCSR (12)

where T is the current temperature of the NiTi, and Tm is the temperature, dependent on
whether there is cooling or heating, calculated by the following:

Tm =
1
2

{
AS + A f i f dT

dt > 0
Ms + M f i f dT

dt ≤ 0
(13)
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In (12), the unit of the coefficient λT is temperature, calculated by the following expression:

λT =
1
2


AS+A f −ba

ca
i f dT

dt > 0
Ms+M f −bm

cm
i f dT

dt ≤ 0
(14)

where the transient NiTi temperatures, As, A f , Ms, and, M f , are the starting and final
temperatures for austenite and martensite, respectively. The constants ba < 0.5(A f − As)

and bm < 0.5(Ms − M f ) were determined experimentally in [44].
The hysteresis model is presented in [43]. It is based on an analysis of the temperature

fluctuation point, Tf , at which a gradient change in the transient temperature occurs as
Tf ∈ (As, A f ) or (M f , Ms).

Let us denote the derivatives of the transient temperature with respect to the time
before the fluctuation point by

.
T f− = dT

dt |T→Tf−
and after the fluctuation point by

.
T f+ = dT

dt |T→Tf+
.

In cases where
.
T f− > 0 and

.
T f+ < 0 (15)

the parameter SR, called the scale factor, is determined by

SR =

{
1 i f MS > Tf > M f

R f
m = 1

2

(
1 + tanh

Tm−Tf
λT

)
i f A f > Tf > AS

(16)

and
RC = 0 i f MS > Tf > M f or A f > Tf > AS (17)

If at the fluctuation temperature, Tf , changes from cooling to warming, i.e.,

.
T f− < 0 and

.
T f+ > 0 (18)

the scale factor takes the following form:

SR =

 1 − R f
m MS > Tf > M f

R f
m = 1

2

(
1 + tanh

Tm−Tf
λT

)
i f Ms ≥ Tf ≥ M f

(19)

and

RC =

{
0 i f M f > Tf > A f

1 − R f
m i f Ms > Tf > M f

(20)

Similarly, sub-minor hystereses that occur in cases in which a minor hysteresis already
appears are described, as well as a sub-minor temperature fluctuation that occurs during a
transition. For these cases, approaches analogous to those described in [43] are used.

To simplify the general formulation of the problem, it is assumed that the temperature
field above the heater in which the NiTi thread moves is stationary. In addition, we employ
the simplifying assumption that the NiTi thread itself obtains a potential temperature from
this field via dependence:

T =


(Th − T0)e−(

y−ye
θ )

2

+ T0 i f y < ye

Th i f ye ≤ y ≤ y f

(Th − T0)e−(
y−y f

θ )
2

+ T0 i f y > y f

(21)
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where coordinates y f and ye are determined experimentally [40]; Th is the maximum
temperature in the NiTi thread obtained from the heater; θ is the experimentally determined
length of a theoretical segment; and T0 is the room temperature.

Considering (21) and the hysteresis theory of the relative martensitic fraction (12–20),
it is seen that the Young’s modulus, E02, for the middle section is a potential function of the
coordinates of the ferromagnetic masses and the temperature of the SMA thread, which is
here also assumed to be a potential function. These properties facilitate the application of
Lagrange equations of the second kind to the solution of the dynamics problem.

The bending of the piezoelectric beams due to the movement of the SMA thread is
assumed to be as in [41], where the bent shape for the left cantilever is assumed to be a
parabola of the following form:

yl = al(x + l)2 = al x2 + 2al lx + al l2 x ∈
[
−l,−l + lp

]
(22)

and for the right cantilever, the bent shape is described with the parabola

yr = ar(x − l)2 = arx2 − 2arlx + arl2 x ∈
[
l − lp, l

]
(23)

where lp is the piezoelectric cantilever length, and al and ar are obtained based on the
assumption that the angles of the cantilever and NiTi thread slopes at the fixation points
coincide (Figure 2).

Figure 2. Determination of the bending of piezoelectric cantilevers. This figure has been revised and
adapted from [41].

In accordance with the assumptions on the shape of the bending, the following factors
are found:

al =
yA

lp
(
2xA − lp + 2l

) (24)

and
ar =

yB

lp
(
−2xB − lp + 2l

) (25)

3.2. Determination of Magnetic Forces and Their Potential Energy

It is assumed that the magnetic force between a spherical ferromagnetic mass and a
permanent magnet, as depicted in Figure 3a, is approximated by the following function:

Fm =
κ

(δ0 + δ)2 (26)
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where κ is the imaginary magnetic mass, δ0 is the imaginary initial gap, and δ0 is the distance
between the upper surface of the permanent magnet and the sphere center. The same force
function was determined in [45] based on numerical approximations and experiments.

 

(a)  (b) 

Figure 3. Magnetic force between a permanent magnet and a spherical ferromagnetic mass:
(a) problem statement; (b) graphical characteristics of the magnetic force.

The force function (26), also called the static magnetic force characteristic, has the
graphical interpretation shown in Figure 3b. The magnetic force at a conditional zero
gap (it is called conditional because the distance between the sphere and the magnet can
practically never be zero because of the roughness and deviations of the shapes of the two
surfaces) at δ0 = 0 is the initial magnetic force:

Fm0 =
κ

δ2
0

(27)

from which the unit of the imaginary magnetic mass κ [Nm2] is evident.
The application of Equation (26) to the energy harvester considered here is clarified by

Figure 4. The current position of the ferromagnetic mass at point A is located at position
yA. The influence of the displacement of the masses along the axis on the magnetic forces
is neglected.

Figure 4. The force of the permanent magnet located in the energy harvester acting on a ferromagnetic
mass, A, mounted on a thread of SMA.

Taking into account that
δ1 = y1 + yA (28)

according to (26), the left magnet M1 will exert the following force:

Fml =
−κ

(δ0 + y1 + yA)
2 (29)
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The right magnet M2 will exert the same force because the coordinates of the two
ferromagnetic masses are equal.

The potential energies of the two magnet forces are determined after integration

Em = 2
∫ −κ

(δ0 + y1 + yA)
2 dyA =

2κ

δ0 + y1 + yA
(30)

3.3. Derivation of the Lagrange Equations of the Second Kind

In the energy harvester investigated here, the two ferromagnetic masses move along
the x and y axes; in addition, the two piezoelectric cantilever beams generate two different
electric charges: ql of the left cantilever and qr of the right cantilever. This means that the
total number of the generalized coordinates is six. The four mass coordinates, xA, xB, yA,
and yB, are mechanical, and the two charges, ql and qr, are electrical.

Since the energy harvester is assumed to be in its symmetrical configuration, the
following notations can be introduced: xA = x, xB = −x, yA = y, yB = y, ql = q, and
qr = q. Note that symmetry reduces the generalized coordinates from six to three: x, y, and
q. The symmetry also allows the following notations to be introduced: xO = −l, xC = l,
yO = 0, yC = 0, l1 = l3, ∆l1 = ∆l3, and l2 = 2(l − l1).

The kinetic energy EK of the symmetric mechanical system is obtained in the
following form:

EK = m(
.
x2

+
.
y2
) (31)

where (•) = d
dt , and m is the ferromagnetic sphere mass.

The potential energy Ep (except the piezoelectric one) is the sum of the mechanical
and the magnetic potential energy, expressed by

Ep = kl∆l2
1 +

kT
2

∆l2
2 +

2κ

δ0 + y1 + y
(32)

where
∆l2

1 =

√
(x + l)2 + y2 + λ0ls0 − l1 (33)

and
∆l2 = 2[x + (λ0 + 1)ls0 − l + l1] (34)

The piezoelectric energy, Epe, according to [46], is derived in the following form:

Epe =
q2

C(1 − k2
33)

− 2d33Ka

C(1 − k2
33)

q∆lp +
Ka∆l2

p

(1 − k2
33)

(35)

where
Ka = 3I/sEl3

p (36)

and

∆lp =
−hpy

2(x + l)− lp
(37)

is the length of the piezoelectric cantilever.

C =
ε33w(lp + ∆lp)

hp
(38)

is the equivalent capacitance of the piezoelectric transducer; d33 and ε33 are the piezo-
electric charge coefficient of PVDF and the dielectric permittivity, respectively; sE is the
piezoelectric cantilever compliance determined under a constant electric field; k2

33 is the
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PVDF electromechanical coupling coefficient; I, w, and hp are the second moment of area,
the width, and the thickness of the PVDF beam, respectively.

Based on the above results, the Lagrangian Λ of the magnetoelectromechanical system
is written in the following form:

Λ = m(
.
y2

+
.
x2
)− kT

2
∆l2

2 − kl∆l2
1 −

2κ

δ0 + y1 + y
−

CKa∆l2
p + q2 − 2d33Kaq∆lp

C(1 − k2
33)

(39)

The system of three coupled equations describing the multiphysics dynamics of
the energy harvester is derived according to the Lagrange equations, which have the
following forms:

d
dt

∂Λ
∂

.
qi

− ∂Λ
∂qi

= Qi, i = 1, 2, 3. (40)

where q1 = x, q2 = y, and q3 = q.
The generalized forces, Qi, for the considered case are

Q1 = −βx
.
x

Q2 = −2mg − βy
.
y

Q3 = −RL
.
q

(41)

where g is the gravity acceleration;βx and βy are the viscous resistance coefficients along
the x and y axes, respectively; and RL is the resistance of the electric load.

Applying Equations (40) to (39), the following system is derived:∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

m
..
x + kl

∆l1(x,y)(x+l)
∆l1(x,y)−D1

+ 2kT(y)(D2 + x) +
hp(Kad33lp+q)yq

CpKp[hpy−2llp+l2
p−2lpx]

2 −

− 2Kah2
py2

Kp(lp−2x−2l)
3 = −βx

.
x

m
..
y + kl

∆l1(x,y)y
∆l1(x,y)−D1

+ dkT(y)
dy (D2 + x)2 − (2Kad33lp+q)(lp−2x−2l)hpq

2CpKp[hpy−2llp+l2
p−2lpx]

2 +

− Kah2
py

Kp(lp−2x−2l)
2 +

2κ

(δ0+y1+y)2 = −mg − βx
.
y

2d33Kahpy+2(2l−lp)q+4qx
CpKp(hpy−2lp l+l2

p−2lpx)
= −RL

.
q

(42)

where
Cp =

ε33w
hp

(43)

and
dkT
dy

=
A
l2

dE20

dy
(44)

The middle-section Young’s modulus derivative dE20
dy for of SMA thread in question is

calculated according to the following relation:

dE20

dy
=


(Em − Ea)

dRm
dy i f 0 < εs2 ≤ ε

y
m

(ET − Ea)
dRm
dy i f ε

y
m < εs2 ≤ εd

m

(Ed − Ea)
dRm
dy i f εd

m < εs2

, (45)



Energies 2025, 18, 3341 11 of 19

where the derivative of the relative martensite fraction considering (21) is

dRm

dy
=



SRTh
2λTθ2 e−

1
θ2 (y−ye)

(
1 − tanh Tm−The

− 1
θ2 (y−ye)

+T0
λT

)
i f y ≤ ye

0 i f ye < y < y f

SRTh
2λTθ2 e−

1
θ2 (y−y f )

(
1 − tanh Tm−The

− 1
θ2 (y−y f )+T0
λT

)
i f y > y f

(46)

From (42), it follows that the magnetic system has a contribution that is expressed by a
potential force of the following form:

FmΣ =
2κ

(δ0 + y1 + y)2 (47)

FmΣ = − 2κ

(δ0 + y1 + y)2 (48)

This force, presented in Maclaurin’s series, leads to the following:

FmΣ ≈ − 2κ

(δ0 + y1)
2 +

4κ

(δ0 + y1)
3 y − O

(
y2
)

(49)

The factor in front of y indicates that the magnetic system will increase the natural
mechanical frequency of vibration along the y coordinate.

The ODE system (42) can be solved numerically using Table 1.

Table 1. Parameter values for the solution of the ODE system (42).

Parameter Symbol Value Unit

Imaginary magnetic mass κ 8.14 × 10−5 Nm2

Imaginary initial gap and δ0 0.00032 m

Translation magnetic coordinate y1 0.010 m

Piezoelectric cantilever thickness hp 28 × 10−9 m

Piezoelectric cantilever length lp 0.0235 m

Piezoelectric cantilever width w 0.0102 m

PVDF dielectric permittivity ε33 9.7396 × 10−11 * F/m

Piezoelectric compliance at constant electric field sE
33 0.384 × 10−10 * Pa−1

PVDF piezoelectric charge coefficient d33 −27.1 * pC/N

PVDF electromechanical coupling coefficient kp33 16 * %

Longitudinal Young’s modulus of PVDF Ep 2.5 * GPa

Supports half-distance l 0.026 m

NiTi thread half-length ls0 0.25 m

Mass of the ferromagnetic sphere m 3.5 × 10−3 kg

Gravity acceleration g 9.81 m/s2

Lengths of NiTi thread for end sections l1 = OA0l3 = B0C 0.14 m

Length of the middle section of the NiTi thread l2 = A0B0 0.24 m

NiTi thread diameter of ds 0.00025 m

Young’s modulus for NiTi in fully twined martensite Em 21.7 ** GPa

Young’s modulus for NiTi in partially twined martensite ET 0.56 ** GPa

Young’s modulus for NiTi in detwinned martensite Ed 11.1 ** GPa

Young’s modulus for NiTi in austenite Ea 55.5 ** GPa
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Table 1. Cont.

Parameter Symbol Value Unit

Yield strain for twined martensite ε
y
m 0.0024 ** --

Minimum strain of twinned martensite εd
m 0.0044 ** --

Starting austenite temperature of NiTi AS 55.99 ** ◦C

Final austenite temperature of NiTi A f 64.05 ** ◦C

Starting martensitic temperature of NiTi Ms 25.24 ** ◦C

Final martensitic temperature of NiTi M f 21.44 ** ◦C

Austenite correction temperature ba 0.01 ◦C

Austenite coefficient ca 1.95 --

Martensitic correction temperature bm 0.01 ◦C

Martensitic coefficient cm 2.17 --

Start position of maximum temperature ye 0.0095 m

End position of maximum temperature y f 0.023 m

Conditional slope length θ 0.0042 m

Room temperature T0 20 ◦C

Maximum temperature of NiTi thread Th 70 ◦C

Longitudinal damping coefficient βx 0.00042 kg/s

Transverse damping coefficient βy 0.0014 kg/s

Load resistance RL From 1 × 106 to 40 × 106 Ω

Initial speed along x .
x(0) 0 m/s

Initial speed along y .
y(0) 0 m/s

Starting x position x(0) −0.1 m

Starting y position y(0) 0.01 m

* This date is from [47]. ** The NiTi properties are taken from [44].

4. Experimental Studies on the Influence of Magnetic Tuning
The experimental investigations of the influence of the magnetic system on the natural

frequency tuning were carried out using a dedicated experimental setup. The experimental
setup is illustrated schematically in Figure 5a. A top-down view of the entire system
is presented in Figure 5b. Figure 5c provides a detailed close-up of the left side of the
energy harvester, featuring the PVDF cantilever (2), the horizontal position sensor (3), the
ferromagnetic mass (4), the heater (5), and magnets (10). On the right side, Figure 5d
displays an image of the energy harvester, highlighting the sphere (4), heater (5), vertical-
position sensor (6), SMA thread (7), right support (8), and magnets (10).

In the experimental configuration, the energy harvester features a heater (5) positioned
along the central strand of the CMA (7), with ferromagnetic spheres (4) directly influenced
by NdFeB magnets (10). To monitor the movement, sensors are installed to measure
horizontal displacement (3) and vertical displacement (6) of the masses. These sensors
are of the DT1-028K/L model from MEAS Germany GmbH Dortmund. Variable load
resistors (1) are connected in parallel with the outputs of the two piezoelectric beams (2),
with their resistance being adjustable via an ohmmeter (9). The voltage signals from the
piezoelectric elements and the displacement sensors are collected by a National Instruments
DAQ USB-6003 data acquisition system then processed by a laptop running a LabVIEW
(11) program to record the data into an Excel file.

In order to investigate the influence of magnets on the output voltage, two types of
experiment were conducted. In the first, the results of the displacement along the two axes
and the generated output voltage with the magnets removed were recorded. In the second
type of experiment, the same signals were recorded but in the presence of magnets. In
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these experiments, the location and number of magnets was chosen to obtain the maximum
output voltage.

 

(a) 

 

(b) 

   

(c)  (d) 

Figure 5. Experimental setup of the thermoelectric energy harvester: (a) schematic and overall
concept; (b) top view of the whole experimental setup; (c) partial view of the left side; (d) partial view
of the right side of the energy harvester. (1) variable load resistors; (2) PVDF cantilever; (3) horizontal
position sensor; (4) ferromagnetic mass; (5) heater; (6) vertical position sensor; (7) SMA thread;
(8) right support; (9) ohmmeter; (10) permanent magnet stack.
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A comparison between the output voltages of the energy harvester without and
with permanent magnets is shown in Figure 6. The plot of the resulting voltage without
magnets is shown in Figure 6a, and the same output voltage but with magnets added is
given in Figure 6b. It can be seen that the magnet increases the vibration frequency of
the piezoelectric cantilevers and, furthermore, increases the magnitude of the generated
output voltage.

 

(a) 

 

(b) 

Figure 6. Comparison between the output voltages obtained experimentally at heater temperature of
70 ◦C and a load resistor of 5.5 MOhms: (a) output voltage of the energy harvester without magnets;
(b) output voltage of the energy harvester with magnets.

From the graphs, it is found that the magnets resulted in an increase in the output
peak-to-peak voltage from 6.12 to 14.14 V, which is about a 130% increase in output voltage
of the energy harvester with magnets. The magnets increased the output voltage frequency
from 8.3 Hz to 9.2 Hz, which, in this case, is about an 11% increase in frequency.
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Figure 7 shows the output rms voltages and the power obtained experimentally at a
heater temperature of 70 ◦C. From the comparisons that can be made from Figure 7a,b, it
can be concluded that The maximum power, P = 1.9 µW, for the energy harvester without
magnets is obtained at a load resistance of RL = 7 MOhms. For the energy harvester with
magnets, the obtained maximum power is P = 8.18 µW at a load resistance of RL = 5 MOhms.
This result shows that the magnets contributed to increasing the output optimum power
by 330%.

 

(a) 

 

(b) 
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Figure 7. Comparison between the output rms voltages and the power obtained experimentally at
a heater temperature pg 70 ◦C: (a) output rms voltage and power of the energy harvester without
magnets; (b) output rms voltage and power of the energy harvester with magnets.

5. Comparison of Theoretical and Experimental Data to Validate the
Dynamic Model

The dynamical model consisting of the system of differentials (Equation (42)) differs
from the model solutions in [41] in terms of the added potential magnetic energy. For the
system’s solution, the same approach, based on the implicit fifth-order Euler method and
the same initial conditions according to Table 1, was used.

Figure 8a–c show the experimental results for the output voltage and the displacement
of the spheres along the y-axis and x-axis, respectively. For comparison, Figure 8d–f show
the results obtained from the solution of Equation (42).
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(a)  (d) 

 
 

(b)  (e)   

 
 

(c)  (f) 

Figure 8. Comparison of the experimental data with the theoretical predictions at a heater tem-
perature of 70 ◦C and a load resistance of 500 MΩ: (a) experimental rms voltage; (b) experimental
vertical displacement y of the ferromagnetic mass; (c) experimental horizontal displacement x of
the ferromagnetic mass; (d) theoretically obtained rms voltage; (e) theoretically obtained vertical
displacement y of the ferromagnetic mass; (f) theoretically obtained horizontal displacement x of the
ferromagnetic mass;.

The numerical simulation results show a reasonably good confirmation of the experi-
mental data. In analogous studies in [40], it was found that due to the multiple hystereses
and the variable nature of the SMA thread heating, the vibrations have a pseudo-stochastic
character that affects both the amplitudes and the frequencies and phases. The variation
of the temperature modulus with respect to the Young’s modulus leads to a change in the
frequencies of three types of oscillations: one thermal oscillation along the x-axis and two
mechanical oscillations along both the x and y axes. The sum of the x-axis displacements is
the cause of the modulated vibrations along this axis.

The displacement in Figure 8c differs from that in Figure 8f, especially in the interval
of the time t from 0 to 0.05 s. This difference is most likely due to the stochastic nature of
the solution and the experimental results.

The system of ordinary differentials (Equation (42))is highly non-linear due to dis-
continuities on the right-hand sides of the functions caused by hysteresis. This makes
them stiff and difficult to solve numerically. Attempts to use standard methods such as
Runge–Kutta–Fehlberg 7(8) were unsuccessful, and a solution was only obtained by con-
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trolling the time step and number of iterations using the implicit Euler method [48] (see the
Maple code form, Supplementary Materials).

It is well known that the phase transition temperatures of NiTi can vary widely
depending on its chemical composition. For example, they can range from −150 ◦C to
150 ◦C [49]. Recent studies show that the cryogenic range is increasing. These studies
suggest that the heat conversion method could be applicable at cryogenic temperatures.
Having a “heater” operating in the low temperature range would create the necessary
temperature distribution regardless of phase changes at low temperatures.

6. Conclusions
Unlike most thermal energy harvesters, which use temperature fluctuations over

time, the innovative thermal energy harvester considered here converts the heat of a
constant-temperature source, which generated a difference in the ambient temperature.
This temperature distribution drives the oscillating SMA thread and a corresponding
cantilever made of the piezoelectric material PVDF. In addition to smart materials such as
the shape memory alloy Nitinol and the environmentally friendly piezoelectric material
PVDF, two strong neodymium magnets are added to tune the natural frequency.

In a recently designed thermal energy harvesting device utilizing a (SMA) thread, a
system of permanent magnets was added to influence the displacement of the ferromagnetic
masses attached to the SMA threads. Since the heat source is at a constant temperature,
thermal energy conversion is achieved via the self-excited vibrations of the SMA thread
and the subsequent mechanoelectrical conversion by piezoelectric PVDF cantilevers. It has
been shown, both experimentally and theoretically, that permanent magnets increase the
natural vibration frequency of the system’s SMA thread and ferromagnetic masses.

Due to the influence of the permanent magnets, the thermal energy harvester’s out-
put power rose from 1.9 µW to 8.18 µW, representing an approximately 330% increase.
Additionally, the peak-to-peak voltage increased from 6.12 V to 14.14 V.

The experimental setup developed is capable of measuring vibration processes in real
time, where no integration is required to determine the displacement. This is because the
signal for the displacement along both axes is obtained from a non-contact inductive sensor,
which only needs to be calibrated. If an inertial sensor such as an accelerometer were to
be used, the double integration required to calculate the displacement would introduce
large errors.

An interesting feature of the thermal energy harvester under consideration is that it
can operate at cryogenic temperatures due to the wide temperature range over which the
phase transformation of NiTi can be varied.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en18133341/s1: Video S1: Magnetic Tuning of a Thermal Energy
Harvester. File S2: Maple code of ODE system solution.
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