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This paper presents the validation of a thermodynamic magneto-mechanical model to analyze a galfenol based
cantilever beam type energy harvesting device. As compared to some earlier modeling approaches that were
tested only on specific harvester geometries, the thermodynamic model has already been validated on rod-type
harvesters and is now shown to be suitable for analyzing also beam-type devices. Moreover, the paper discusses
the influence of magnetostriction upon resonant frequency. The thermodynamic model is implemented in a 3D
finite element solver using COMSOL Multiphysics software. This allows optimizing the device design by tuning
the geometric parameters and magnetic bias under available operating conditions (amplitude and frequency of
vibrations) easily and efficiently. A unimorph cantilever beam type prototype harvester device consisting of a
galfenol beam bonded to an aluminum substrate is constructed for validating the model. Simulated and measured
results are compared at base excitation amplitudes of 0.5 to 2 g under varying vibration frequencies. The results
show that the maximum induced voltage is obtained at the resonant frequency which decreases slightly with an
increase in the vibration amplitude. Furthermore, it is shown that the resonant frequency decreases from 201 Hz
to 187 Hz at 1 g base acceleration when the magnetic bias is removed. The comparison of measured and
simulated results show that the model can accurately predict the resonant frequency with a relative error of less
than 2 %, validating the modeling approach. The model can also reasonably determine the open circuit voltage
with some discrepancies at large vibration amplitudes.

1. Introduction

The concept of energy harvesting has seen significant rise in atten-
tion during the past decade as the demand for supplying maintenance
and battery-free energy increased for wireless sensor nodes and small-
scale power electronic devices. Rapid development of ultra-low power
microelectronic sensors and integrated circuit manufacturing technol-
ogy have brought the power requirement levels to tens of microwatts
[1], making it possible to power electronic devices with small scale
energy harvesting devices. The popular techniques of energy harvesting
include piezoelectric, electromagnetic, electrostatic and magnetostric-
tive energy harvesting [2]. The limitations of piezoelectric harvesters
are low mechanical coupling, high level of induced voltage, low output
current and shorter lifespan due to mechanical breakdown at higher
stress levels [3]. Frequently explored electromagnetic energy harvesters
have mesoscale volumes which limits their application in small-scale
power electronic devices and makes them more suitable for low
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frequency operation. Downscaling of this type of harvesters is also more
difficult with the usual micromanufacturing techniques [4]. Electro-
static energy harvesters have mechanical limitations and need an
external voltage source [4,5]. After the discovery of giant magneto-
strictive materials (GMMs) such as galfenol, Terfenol-D and Metglas, the
research on magnetostrictive energy harvesting has predominantly
increased due to their ability to supply reliable and maintenance free
energy. GMMs are rare earth alloys that show large magnetostriction
and high energy density. Among GMMs, galfenol offers high tensile
strength (~350 MPa), relatively large magnetostriction (200-250 ppm),
low hysteresis losses and strong magneto-mechanical coupling [6].
Stefano in [7] has experimentally shown that hysteresis in galfenol-
based energy harvesters is negligible. A difference of 1 % was noticed
while comparing the two output power curves obtained by subsequently
increasing and decreasing the applied magnetic field from 5 kA/m to 40
kA/m under constant mechanical vibrations. More importantly, galfenol
is an iron gallium alloy that can be welded and machined easily, making
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it a more practical option in structural health condition monitoring
applications. Magneto-mechanical energy harvesters utilize ambient
vibrations from rotating machinery parts, rail tracks, aircraft wings,
steel cable bridges etc. and converts it into electrical energy through the
inverse magnetostrictive effect. Magnetostrictive harvesters can also be
used as transducers for active vibration control [8] and [9].

The analysis and design of an energy harvesting device require
knowledge related to the material characteristics and the operating
conditions. Since such harvesters utilize vibrations from ambient sour-
ces, the information related to the nature, amplitude and frequency of
the vibration is needed in the design process to determine the optimal
design parameters and device geometry. The design parameters include
choosing the magnetic field bias and coil parameters and constructing
the device geometry based on the energy requirement for a specific
application. Therefore, modeling tools are needed to analyze the
harvester device under typical operating conditions in order to suc-
cessfully customize the device design to the specific application [5-8].

Various models have been developed to analyze galfenol based en-
ergy harvesting devices. Models based on a linearized approach using
piezomagnetic constitutive equations are presented in [9] and [10].
These models are simple to implement but incapable of analyzing the
material at non-linear regions. A non-linear dynamic model based on
Armstrong electro-mechanical constitutive equations is proposed in
[11]. The open circuit voltage predicted by the model is higher than the
measured one for large excitations (3-4 g, g¢ = 9.81 m/s? being the
gravitational acceleration) because the model excludes hysteresis losses.
Fully coupled dynamic models implemented in finite element (FE) for-
mulations are presented in [12] and [13]. The coupled magneto-
mechanical constitutive equations describing the effect of change in
magnetic flux density upon stress based on the Jiles-Atherton model are
discussed in [12]. The model is validated on a cantilever beam harvester
using a single base excitation value for the first four resonant frequencies
to analyze the harvester output power. A two degree of freedom lumped
parameter non-linear coupled magneto-mechanical model is presented
in [14] where an elastic magnifier is introduced with a traditional
cantilever beam harvester. This allows two resonant frequencies with
magnified tip displacement to work at a lower resonant frequency. A
fully coupled non-linear Gibbs free energy-based magneto-mechanical
model is presented in [7]. The model is validated on a cylindrical rod
type harvester device. The authors show that the model reasonably
predicts the output power of 3 mW with some discrepancies.

Despite the need for a generic modeling approach that can be applied
to analyze different types of magnetostrictive energy harvesters, most
models presented earlier in the literature have been validated only on
one specific harvester. It is thus unclear if the models are capable of
accounting for the influence of the harvester geometry (e.g. rod or beam
type) and different operating conditions (e.g. mechanical loading and
frequency, magnetic closure circuit and magnetic field bias). In our
earlier work, we have developed a thermodynamic magneto-mechanical
modeling approach, implemented it in a 3D FE model using COMSOL
Multiphysics, and validated it against experiments on a rod-type galfe-
nol-based energy harvesting concept device [15,16]. This paper extends
the work by validating the model with a cantilever beam type harvester.
The results show that the model can also be used to reasonably predict
the open circuit output voltage and resonant frequency of the cantilever
beam harvester.

2. Experimental methods
2.1. Material characterization

The magneto-mechanical energy harvester utilizes galfenol pro-
duced by Extrema products as the active material which has the stoi-
chiometry of Feg; ¢Gajsg 4, a polycrystalline material grown as (00 1) axis
aligned along the length of the material. The characterization of the
material is needed to identify the magneto-mechanical constitutive laws
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describing the magneto-elastic behavior. The detailed discussion on the
experimental setup for the characterization of the material is given in
[15]. In brief, a cylindrical galfenol rod of length 60 mm and diameter
12 mm is first magnetized using a 200 mHz AC voltage with the help of
two sets of coils and a U-shaped iron yoke. The rod is then subjected to a
static uniaxial compressive mechanical preload ¢ ranging from 0 to 80
MPa with a step of 5 MPa to obtain a set of magnetization (B-H) curves
under stress. The magnetic field strength H is measured by a Hall probe
placed in the middle of the rod whereas the magnetic flux density B is
obtained by integrating the voltage induced in a pickup coil wound
around the sample.

2.2. Cantilever beam energy harvester

The experimental setup of the prototype cantilever beam type energy
harvesting concept device is presented in Fig. 1. A similar harvester
device design is also presented in [9] and [14]. The energy harvester
consists of a cantilever beam, two sets of permanent magnets and a
pickup coil wound around the beam. The cantilever beam consists of a
galfenol strip with a length of 60 mm, width of 6 mm and thickness of
0.78 mm. The galfenol layer acts as an active material for the energy
harvester which is supported by an aluminum strip which acts as a
passive substrate layer. The aluminum strip has a length of 60 mm,
width of 6 mm and thickness of 1.28 mm. The galfenol and aluminum
beams are glued together with a uniform thin layer of glue to avoid
misalignments that can affect the bending modes of the beam.

The working principle of the experimental setup is explained with
the 2D schematic diagram presented in Fig. 2. The magnetic bias is
provided by two sets of 10 x 10 x 10 mm? neodymium magnets having
remanence flux density of approximately 1.18 T. The remanence flux
density is deduced by tuning the simulated magnetic field near the
surface of the magnet in COMSOL to match the magnetic field measured
using a Hall probe. The magnets are attached at both ends of the beam
with super glue and enforced by caps made of 3D printed PETG material
screwed to keep the magnets in place. The weights of the magnet and the
cap are measured to be 7.57 g and 2.14 g, respectively, and together they
act as the tip mass on the free end of beam. A pickup coil of 1000 turns
made from 0.1 mm thick enameled copper wire is attached at the free
end of the beam as shown in Fig. 1 and Fig. 2. The harvester beam is
clamped to the aluminum base structure such that the active length of
the cantilever beam is 38 mm from the fixed end as seen from the Fig. 2.
The mechanical vibrations are provided by a Briiel & Kjer shaker device
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<
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Fig. 1. The experimental setup and prototype design of the magnetostrictive
energy harvester for model validation.
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Fig. 2. Schematic diagram of the complete energy harvester setup.

that uses a permanent magnet motor (base model type 4805 with
tabletop type 4813). The input signal from the shaker is supplied by a
linear amplifier from Venable instruments. The shaker is able to provide
peak-to-peak displacement of 13 mm at maximum 3 kHz excitation
frequency. The custom-built aluminum base plate is screwed to the
shaker base plate to provide a suitable rigid support for the cantilever,
provide an air gap from the permanent magnet inside the shaker and
securely transfer the forced sinusoidal mechanical vibrations. An optical
laser displacement sensor (optoNTDC ILD1900-25) from Micro-Epsilon
measures the tip displacement of the free end as shown in the Fig. 2.
The laser sensor has linearity range of < +5 um, sampling rate of 10 kHz
and its measuring range is 25 mm from the object. The vibration
amplitude of the shaker plate is measured by mounting a piezoelectric
accelerometer (model 2222D) which is connected to a charge amplifier
from Briiel & Kjaer (model type 2635) for signal conditioning.

The control algorithm is implemented in MATLAB using a National
Instruments data acquisition card NI-6363. The experimental tests are
performed by varying the vibration amplitudes from 0.5 g to 2 g with a
step of 0.5 g. The mechanical vibration causes varying stress/strain in
the beam which causes change in the magnetization of the material. A
voltage is induced in the pickup coil attached to the beam as a result of
the inverse magnetostrictive effect and Faraday’s law. For each value of
the vibration amplitude, the frequency sweep operation is performed to
determine the resonant frequency of the beam by measuring the tip
displacement. The amplitude of the input signal voltage supplied to the
shaker is controlled by measuring the acceleration with the accelerom-
eter attached to the aluminum base plate. The input signal is varied
iteratively to obtain the desired acceleration which is then kept constant
throughout the frequency sweep operation. The experiments are
repeated three times to check the repeatability. The open circuit voltage,
tip displacement and resonant frequency are measured to study the ef-
fect of operating frequency on the harvester performance. In this study
we test the ability of the model to reproduce the effect of amplitude of
mechanical vibration, magnetic bias and excitation frequency on the
harvester output voltage.

3. Models
3.1. Constitutive model

The constitutive equations describing the directly-coupled multiaxial
magneto-mechanical behavior in the galfenol material are derived using
a thermodynamic approach, which has been presented in [17] and
further discussed e.g. in [18] and [19]. The detailed discussion about
implementing the approach in 3D in COMSOL Multiphysics software is
presented in [15] and [16]. In brief, a Helmholtz free energy density
function y/(B, €) is defined to describe the magneto-elastic interaction as
a function of the magnetic flux density vector B and the strain tensor €.
The exact form of the energy—density expression in [15-19] has varied
while the model has evolved. Here it is written as

ny

1 M L ) .
W(B.&) =S +uh+ Y aily+ Y L+ Y 1 M
i=1 i=1 i=1

where q;, f; and y; are fitting parameters obtained from material char-
acterization, and A and uy are the Lamé parameters obtained from
Young’s modulus and Poisson’s ratio. The total strain & consists of the
mechanical strain and the strain caused by magnetostriction. The state
variables of y are written in terms of scalar invariants I = tr(e), I = tr
(¢%) describing linear elastic behavior, I = B-B describing magnetic
behavior and Is = B-eB and I = B-¢’B describing magneto-mechanical
behavior of the material, e being the deviatoric part of . The constitu-
tive equations for the magnetic field strength H and Cauchy stress tensor
o are then obtained by partial differentiation of the energy expression as

ayp\" d
H(B.e) = (%) and 6(B,€) = a_f' @

The polynomial coefficients a;, f; and y; are determined by fitting the
function H(B, €) obtained from (1) and (2) against the single-valued H(B,
o) curves measured with the material characterization setup discussed in
Section 2.1. During the fitting, the strain tensor ¢ is iterated with the
Newton-Raphson method until the desired uniaxial stress is obtained.
The fitting is done for the mechanical compressive preload range of 20 to
50 MPa for nq = 11, g = 1 and 5, = 2 and the coefficient of the fitting
parameters are given in [16].
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3.2. Finite element model

The analytical expressions of the constitutive equations (1)-(2) are
implemented in a 3D FE solver in COMSOL by overriding the electro-
magnetic and mechanical constitutive equations. The detailed discus-
sion for the model implementation is presented in [16]. The 3D
magneto-mechanical FE simulation for a cantilever beam type
harvester is carried out for one half of the geometry, which is presented
in Fig. 3. The model is constructed based on the actual prototype
harvester device which consists of the galfenol beam attached to the
aluminum beam, two permanent magnets at both ends and a pickup coil
wound around the beam. In the COMSOL model, the solid mechanics
interface solves for the equation of motion which includes the material
damping written as

d*u du d6(B, €)
p(ﬁ-i-adME) —V'(O'(B,S)+ﬂdl( o ) =0 (3)

where u is the displacement vector, p is the mass density, and aqy and
Bak are the mass and stiffness damping parameters, respectively. The
mechanical damping is simulated as Rayleigh damping expressed as

_ 1 (aam
= 3 (gfo +ﬁdk2ﬂfo)- 4

The damping ratio ¢ and the resonant frequency f, are experimentally
obtained from a free vibration test. The damping is assumed to consist
mainly of the material-related damping 4k, which is obtained from (4)
by setting aqm = 0.

The normal component of displacement uy is set to zero at the sliced
boundary. The sinusoidal mechanical vibration amplitude ranging from
0.5 g to 2 g is imposed by prescribing the normal component of the
displacement u, on the aluminum clamp domain. The tip mass of 9.71 g
is realized utilizing an added mass node to the magnet domain at the free
end of the beam. The electromagnetic fields are computed by adding the
magnetic field interface which solves the Maxwell’s equations. The
remanence flux density of the permanent magnets is the set as 1.18 T.

In the galfenol material, the combination of Ampere’s and Faraday’s
laws is solved in terms of the magnetic vector potential A as
VxH(B,s)+K%—/::O 5)
where k denotes the electrical conductivity. In the other regions, a
purely electromagnetic problem is solved as

Free Pa xio*

Magnets
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Galfenol
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Aluminum
clamp
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z
Y.
“Lox 1

Fig. 3. The geometry of the model implemented in COMSOL for 3D FE simu-
lation. Color bar denotes xx-component of stress in the galfenol beam (Pa).
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where v is the constant reluctivity and H, is the coercive field of the
magnets. The voltage Vi,q induced into the pickup coil is computed by
averaging the time derivative of the circumferential component of the
magnetic vector potential A over all possible paths in the cylindrical coil
volume Qcoj as

N 0Ap

Y B 0] )]
Seoit Sy O

Vina =
where N is the number of coil turns and S is the cross-section area of
the coil domain. The time integration is done using the Generalized
Alpha method (a second order backward differential formulation with a
parameter to control the damping of higher frequencies) instead of
Backward Euler method since the latter causes numerical damping at
higher frequencies [20]. The resulting non-linear system is solved using
the Newton Raphson method.

4. Results and discussion
4.1. Material characterization

The energy density function y is fitted to the single-valued measured
H(B, o) curves obtained from the material characterization setup dis-
cussed in Section 2.1. The comparison of the measured and fitted curves
is presented in Fig. 4. The fitting is performed for the preload range of 20
to 50 MPa shown in Fig. 4. The preload range of 20 to 50 MPa is chosen
as it provides a relatively good fitting against the measured B-H curves
from 0 to 80 MPa explained in [16] which also contains the coefficients
of the fitting parameters.

4.2. Beam resonant frequency

As discussed in Section 1, optimizing the energy harvester design
requires knowledge related to operating conditions including the reso-
nant frequency, magnetic bias etc. From literature [9] it is known that
maximum power is generated when the cantilever beam operates at the
resonant frequency. For the energy harvesting setup discussed in Section
2.2, the resonant frequency of the beam is first calculated analytically as

1.8
0 MPa
1.6 y
14 Vi
v
~12F
e
g v
g
vy
§ 081 -80 MPa
=] v
“ o6
v
® 5 =-20 MPa
0.4 = 5 =-30 MPa
> o =-40 MPa
A 5 =-50 MPa
0.2p Measured curves
0 ! ! ! ! !
0 10 20 30 40 50

Magnetic field (kA/m)

Fig. 4. Comparison among measured (solid lines) and fitted (lines with
markers) magnetization curves B-H under different values of static compressive
preload (o).
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oL 3EI
o 2n (M + meff)l3

(8
where E is the effective Young’s modulus taken as 70 GPa for the
combined galfenol-aluminum beam, M is the tip mass of 9.71 g including
the PEGT caps whereas meg is the effecting beam mass of 2.2 g. The term
[ denotes the effective beam length of 38 mm and I is the second moment
of inertia. The resonant frequency calculated from (8) is 189 Hz.

Experimentally, the resonant frequency with magnets attached at
both ends is then obtained from free vibrations by measuring the
decaying amplitude of the tip displacement presented in Fig. 5. The free
vibrations are measured using a precision laser displacement sensor. The
damping ratio ¢ is computed from the free vibrations using a logarithmic
decrement method as

1) ®

2zn

where Xy and Xy, are the k™ and k + n)th values of the peak
displacement amplitude. A resonant frequency of 200 Hz is obtained by
measuring a time of 200 ms over n = 8 consecutive periods as indicated
in the Fig. 5. A damping ratio of { = 0.0145 is deduced for the corre-
sponding peaks of the free vibrations.

Next, two sets of experiments are performed to determine the effect
of magnetostriction on the resonant frequency. In case of forced vibra-
tions, the resonant frequency is measured using a frequency sweep
method by applying sinusoidal vibrations of 1 g acceleration. The first
test is performed when the beam is magnetized by the permanent
magnets, sweeping the frequency around the resonant frequency of 200
Hz obtained from the free vibration test. The second test is performed
when the magnets are replaced by iron cubes with exactly the same
weight as the magnets, sweeping the frequency around the analytically
calculated resonant frequency of 189 Hz. A resonant frequency of 201
Hz is obtained with the magnets, and a resonant frequency of 187 Hz is
obtained with the iron cubes at 1 g acceleration shown in Fig. 6 (a) and
(b), which indicates that the magnetostriction increases the resonant
frequency. The increase in resonant frequency can be explained by the
so-called AE effect which states that the Young’s modulus of the
magnetostrictive material increases due to magnetization as discussed in
[21] and [22]. According to (8), the increasing Young’s modulus in-
creases the resonant frequency.

0.8

\
0.6 — BPeriods, 40 ms > 200 Hz

0.4

0.2

Amplitude (mm)

-0.2

-0.6 I I I 1 I I
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

-0.4

Fig. 5. Measured tip displacement at free vibration. The measured resonant
frequency deduced from free vibration is 200 Hz.
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Fig. 6. Measured tip displacement under 1 g acceleration using the frequency
sweep method. A resonant frequency of 201 Hz is obtained with magnets (a)
and 187 Hz with iron cubes (b).
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For the FE simulations in COMSOL, the mechanical damping is
realized using Rayleigh damping presented in (4) where f is kept con-
stant at 201 Hz (obtained from the frequency sweep) throughout the
simulations. The FE simulation is performed with and without magne-
tostriction to validate the thermodynamic model and to compare the
results. A resonant frequency of 200 is computed with magnetostriction
whereas a resonant frequency of 184 Hz is computed without magne-
tostriction using the magneto-mechanical model. This illustrates that the
model can successfully predict the change in the resonant frequency due
to magnetostriction. The comparison among measured, simulated and
analytically calculated resonant frequencies showing the effect of
magnetostriction is given in Table 1.

Table 1
Comparison of measured, simulated and analytically calculated resonant fre-
quencies at 1 g.

Measured Simulated Analytical
With magnetostriction 201 Hz 200 Hz -
Without magnetostriction 187 Hz 184 Hz 189 Hz
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4.3. Energy harvesting setup

The comparison of the measured and simulated open circuit voltage
(rms) and tip displacement showing the influence of mechanical vibra-
tion amplitude and frequency is presented in Figs. 7 and 8. The results
are obtained by applying forced mechanical vibrations from 0.5gto 2 g
for the frequency range of 196 Hz to 206 Hz. The results show that the
output voltage is maximum at the resonant frequency which decreases
slightly with the increase in the amplitude of the mechanical vibrations.
The experiments are repeated three times keeping the same input con-
ditions to check the repeatability. The deviations can be seen among the
measured experimental results from Fig. 7 (a) and Fig. 8 (a) shown as
markers, whereas the solid lines indicate the mean value. The deviation
is large near the resonant frequency for the 1.5 g and 2 g excitations.
This is caused by a large tip displacement due to high acceleration
considering the size of the beam, which makes it difficult to stabilize
near the resonant frequency.

As discussed earlier, the harvester utilizes ambient vibrations whose
frequency and amplitude cannot be controlled. Therefore, the proposed
model can be used to optimize the geometry and tip mass such that the
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Fig. 7. Measured (a) and simulated (b) open circuit voltage (rms) curves under
varying amplitude of mechanical vibrations.
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Fig. 8. Measured (a) and simulated (b) tip displacement measured from
laser sensor.

harvester operates at the resonant frequency for peak performance. The
comparison among measured and simulated results depicts that the
thermodynamic model can accurately predict the resonant frequency
with a percentage error of less than 2 %. Moreover, the results show that
the resonant frequency decreases slightly with the increase in the vi-
bration amplitude from 202 Hz to 198 Hz also predicted by the simu-
lated results in Fig. 7 and Fig. 8.

The difference in the amplitudes of the measured and simulated
displacement is caused by the damping ratio which is chosen to be fre-
quency independent in FE simulations throughout the frequency sweep.
Changing the damping ratio directly affects the tip displacement and
hence the output voltage. The simulated output voltage is also affected
by the magnetic bias which is estimated by measuring the magnetic field
using a Hall sensor. Furthermore, the simulations do not account for the
thickness of glue or the small airgaps between the caps holding the
magnets at both ends. In addition, the output voltage is found sensitive
to the placement of the pickup coil over beam, slight displacement of the
permanent magnets and the cantilever’s support clamping strength of
the aluminum base also affects the resonant frequency and tip
displacement. Therefore, the comparison of measurement and simulated
results should be done keeping in mind the sensitivity in the
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measurements and limitations of the model.
5. Conclusion

In this paper, a thermodynamic magneto-mechanical modeling
approach has been successfully validated against measurements from a
cantilever beam type prototype energy harvester device. The model has
previously been validated to analyze a cylindrical rod type harvester
[15] which was modified later to include a magnetic closure circuit with
varying magnetic field bias discussed in [16]. The thermodynamic
model has been implemented in COMSOL Multiphysics software for 3D
FE simulations. The advantage of implementing the model in COMSOL is
the ability to conveniently modify the harvester geometry and perform
parametric sweep operations to analyze the performance of the
harvester for device optimization. Comparison of the simulated and
measured results indicates that the model can accurately predict the
resonant frequency of the harvester yielding maximum performance and
determine the output voltage under varying vibration amplitudes and
frequencies.

The FE simulations are performed considering no airgap between the
magnets and the beam and a strong mechanical contact between the
galfenol and aluminum beams which is an ideal condition that differs
from the actual setup which uses adhesive and mechanical means of
attachment. For comparison, the model needs to be tuned in order to
consider the exact mechanical stresses in the beam and magnetic field
bias which is not practical for each mechanical loading case. Further-
more, it is concluded that comparison of the measured and simulated
results requires repeatable measurements which should be ensured by
maintaining a constant clamping position of the cantilever beam, coil
placement and magnet displacement. However, the measurement
repeatability suffers near resonant frequency at high vibration ampli-
tude caused by slight displacement of the tip magnet which changes the
mechanical damping.

Modeling tools are required to determine the optimal design char-
acteristic (harvester geometry, coil parameters, magnetic bias etc.)
under available operating conditions (vibration amplitude, nature and
frequency of mechanical vibrations) to analyze the energy harvester
device and then optimize it to obtain peak performance. Combining the
results of this paper to those of [15] and [16], the thermodynamic
modeling approach has been validated to be suitable as a generic tool for
analyzing different types of magnetostrictive energy harvesting devices.
For a cantilever beam type harvester geometry, the model is able
determine the resonant frequency and open circuit voltage yielding
maximum harvester potential. For cylindrical rod type harvester, the
model is able to successfully determine the optimal static mechanical
preload o, magnetic bias and optimal value of load resistance to obtain
the maximum output power under forced sinusoidal mechanical exci-
tations. The presented modeling approach can thus be used to support
the design of energy harvesters for different applications.
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