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A B S T R A C T

The best magnetostrictive material for energy harvesting applications is not necessarily the material with
the highest magnetostriction strain. In this paper, based on the description of the Ericsson cycle, a simple
criterion to define the most efficient material is proposed. The criterion takes into account the accessible
range of stress and magnetic field. It relies on four material parameters only, namely the initial magnetic
susceptibility, the saturation magnetisation, the maximum magnetostriction strain and the coercive field of
the considered magnetostrictive material. Mass density and price are also involved if a weight optimisation
or a cost optimisation is sought. The potential of several materials is compared based on this approach, and
it is shown that Giant Magnetostrictive Materials are not systematically the best choice for energy harvesting
applications, challenged for some operating conditions by electrical steels.
1. Introduction

Energy harvesting (power harvesting or energy scavenging) is the
process of capturing energy from a system’s environment and convert-
ing it into usable electrical power [1]. One driving force behind the
search for new energy-harvesting devices is the desire to power sen-
sor networks and mobile devices without batteries requiring external
charging or service. This statement is especially valid in the rapidly
growing field of the Internet of Things (IoTs) [2,3]. Various energy
sources, such as wind, solar, geothermal, hydropower, or vibration can
be considered. All these methods have pros and cons, but the needs for
alternative energy are so significant that none of them can really be left
apart from scientific investigations.

This work focuses on vibration. It has many advantages, such as
availability, energy levels in the range of IoTs needs, and ubiquity [4,
5]. Here, energy is scavenged from ambient mechanical vibrations of
multiple origins (vehicles, machinery, etc.) and physical characteristics
(with frequencies from 0.1 Hz to 1 kHz and accelerations from 0.01 to
1 g) [6].

Due to the extensive range of vibration properties, various designs
of harvesters have been described in the scientific literature [7–9].
Vibration energy harvesters can be classified as electromagnetic or elec-
trostatic when no active conversion occurs. In that case, the vibration
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source induces a relative motion between coils and permanent mag-
nets (electromagnetic [10]) or movable electrodes (electrostatic [11]).
Oppositely, active energy harvesters use functional materials (mainly
piezoelectric [12] or magnetostrictive [6]) that convert mechanical
energy into a magnetic or electrical energy form. Piezoelectric materials
show a high coupling coefficient but are brittle, can be depolarised,
and exhibit high output impedances [6]. Regarding these aspects,
magnetostrictive materials are much more adapted even if they also
show limitations like their highly nonlinear behaviour [6].

Many energy-harvesting devices based on magnetostrictive mate-
rials have been proposed [6,13,14]. They have made use of vari-
ous magnetic materials such as Terfenol-D [15–18], Galfenol [19–
23], Iron-based amorphous alloys [7,24,25] or Iron–Cobalt alloys [26,
27]. The choice of the material is usually made a priori, before the
design of the energy harvesting device. However, comparing the per-
formance of magnetostrictive materials in the energy harvesting context
is mandatory for designing optimal harvesters.

It raises many questions:
◦ Is the best material necessarily the one with the highest magne-

tostriction coefficient?
◦ Are there any optimal loading conditions?
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◦ Is a bias magnetic field required to improve the conversion
efficiency?

◦ What would be the ultimate amount of energy converted? And
what are the parameters driving this value?

Multiple experimental results are available in the scientific liter-
ature, but the working conditions are always different, making such
comparisons impossible. Alternatively, this study proposes a simple
analytical expression to predict the level of magnetostrictive conver-
sion and to answer these questions. The model constitutes a decision
tool for a given loading condition regarding volume, weight, or price
optimisation. 3D stress configurations are considered, and the approach
requires only four material parameters, easily found in the literature:
the magnetisation saturation 𝑀𝑠, the maximum magnetostriction strain
𝑠, the maximum permeability 𝜒𝑜 and the coercive field 𝐻𝑐 (replaced

by an applied bias field 𝐻𝑏 if relevant).
This study is intended to assess the energy conversion capability of

magnetostrictive materials, therefore, no specific device or electrical
interface will be considered. The investigation is restricted to the pure
magneto-mechanical conversion. The design of magnetic circuits, coils,
and associated instrumentation will not be discussed.

The paper is organised as follows: The thermodynamic Ericsson
cycles used to assess the mechano-magnetic conversion are introduced
first. The analytical model to define the proposed criterion is then
described. A comparison between different materials available for en-
ergy harvesting applications is finally proposed, followed by a general
conclusion.

2. The ericsson cycle as a mean to assess energy harvesting capa-
bilities

Thermodynamic cycles are required to evaluate the converted en-
ergy appropriately [28]. In this work, we opt for the magnetostrictive
Ericsson cycle as an image of energy conversion capability. The Eric-
sson cycle consists of two branches at constant mechanical stress and
two others at constant magnetic field (see Fig. 1 for illustration and [28,
29] for additional explanations about Ericsson cycles). Considering a
magnetostrictive specimen, the Ericsson cycle is covered in four steps
shown in Fig. 1, starting from state 1 with no applied magnetic field
(𝐇 = 𝟎) and a stress state 𝝈 = 𝝈1:

◦ Stage 1 to 2: the magnetic field 𝐇 is kept at 𝟎 and the stress 𝝈 is
changed from 𝝈1 to 𝝈2.

◦ stage 2 to 3: the stress 𝝈 is kept at 𝝈2 and the magnetic field 𝐇 is
hanged from 𝟎 to 𝐇max.

◦ stage 3 to 4: the magnetic field 𝐇 is kept at 𝐇max and the stress 𝝈
s changed from 𝝈2 to 𝝈1.

◦ stage 4 to 1: the stress 𝝈 is kept at 𝝈1 and the magnetic field 𝐇 is
hanged from 𝐇max back to 𝟎.

The resulting loop area (grey zone in Fig. 1) in the 𝐵(𝐻) plane
where 𝐵 is the magnetic flux density) can be considered an image
f the ultimate magneto-elastic energy conversion capability of the
aterial. In that sense, whatever the electrical interface, the converted

nergy will not be higher than the Ericsson cycle area. This area
an therefore be considered an indicator of the conversion capability,
nd different materials can be compared accordingly. The approach
s meant as a general assessment of the energy harvesting potential
f magnetostrictive materials, but the possibility to use practically the
ricsson cycle as a mean of energy harvesting is discussed in Appendix.

. Simplified calculation of the ericsson energy area

The purpose of this section is to provide an analytical expression
or the Ericsson cycle area, based on an analytical definition of the
nhysteretic magnetisation curve.
2

Fig. 1. Ericsson cycle.

3.1. Analytical definition of the magnetisation curve

The works in [30] provide an analytical expression for the stress-
dependent anhysteretic magnetisation curve of ferromagnetic materi-
als. The magnetisation 𝐌 is expressed as:

𝐌 =
𝐴𝑥 sinh(𝜅𝐻)

𝐴𝑥 cosh(𝜅𝐻) + 𝐴𝑦 + 𝐴𝑧
𝑀𝑠𝐱, (1)

where 𝐻 is the amplitude of the magnetic field 𝐇 applied along
direction 𝐱 (𝐇 = 𝐻 𝐱). The coefficients 𝐴𝑥, 𝐴𝑦 and 𝐴𝑦 are functions
f the applied stress 𝝈:

𝑥 = exp(𝛼 𝜎𝑥𝑥); 𝐴𝑦 = exp(𝛼 𝜎𝑦𝑦); 𝐴𝑧 = exp(𝛼 𝜎𝑧𝑧) (2)

here 𝜎𝑥𝑥 (resp. 𝜎𝑦𝑦, 𝜎𝑧𝑧) is the principal component of the stress tensor
along direction 𝐱 (resp. 𝐲, 𝐳). The expression (1) introduces three
aterial parameters 𝑀𝑠, 𝜅 and 𝛼. 𝑀𝑠 is the saturation magnetisation

f the material. It was shown in [30] that 𝜅 and 𝛼 can be connected to
tandard material parameters according to (3).

=
3𝜒𝑜

𝑀𝑠
and 𝛼 =

9 𝜆𝑠 𝜒𝑜

2𝜇0 𝑀𝑠
(3)

𝜒𝑜 is the initial (at no applied field) anhysteretic susceptibility of
the material under stress-free conditions. It can reasonably be approx-
imated by the maximum stress-free magnetic relative permeability of
the material. 𝜆𝑠 is the maximum magnetostriction strain of the material,
and 𝜇0 is the vacuum permeability.

Using these relations the anhysteretic stress-dependent magnetisa-
tion curve of a material can be defined using only three standard mate-
rial parameters: the saturation magnetisation 𝑀𝑠, the maximum mag-
netostriction 𝜆𝑠 and the maximum magnetic susceptibility (or relative
magnetic permeability) 𝜒𝑜.

Due to the very strong assumptions made to obtain such a simple
expression [30], the model cannot be expected to be as accurate as the
full multiscale approaches from which it is derived [31–33], and it may
struggle in some cases to describe quantitatively the magnetisation for
a given magneto-elastic loading (𝐇, 𝝈). However the model was shown
to predict the correct trends for the magneto-elastic behaviour (see for
instance [30] for an application to an Iron–Cobalt alloy or [34] for
an application to Terfenol-D). Moreover, in the following, the model
will be integrated over large spans of magnetic field, which tends to
compensate for local inaccuracies.

3.2. Analytical definition of the ericsson energy area

We now consider two anhysteretic magnetisation curves of a given

material. A first curve under a stress state 𝝈1, and a second curve under
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a stress state 𝝈2. The area 𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) of the corresponding Ericsson
ycle for a maximum field 𝐻𝑚 is simply given by (4) in which we
ssume that 𝝈1 and 𝝈2 have been ordered so that 𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) > 0

(otherwise an absolute value can be added to (4)).

𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) = ∫

𝐻𝑏+𝐻𝑚

𝐻𝑏

(

𝐵(𝐻𝑚,𝝈2) − 𝐵(𝐻𝑚,𝝈1)
)

𝑑𝐻 (4)

𝐻𝑏 is a magnetic field, larger than the coercive field, that can be
applied to consider a bias field and/or the hysteresis loss in the har-
vested energy calculus. In the case no bias-field is applied, the value of
𝐻𝑏 is taken as the coercive field 𝐻𝑐 . Using the expression of the stress-
dependent anhysteretic magnetisation curve (1), the development of (4)
yields the fully analytical expression (5) for the area of the Ericsson
cycle in the general 3D-case.

𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) =
𝜇0 𝑀𝑠
𝜅

× ln
(𝐴𝑥(𝝈2) cosh(𝜅 (𝐻𝑏 +𝐻𝑚)) + 𝐴𝑦(𝝈2) + 𝐴𝑧(𝝈2)
𝐴𝑥(𝝈1) cosh(𝜅 (𝐻𝑏 +𝐻𝑚)) + 𝐴𝑦(𝝈1) + 𝐴𝑧(𝝈1)

×
𝐴𝑥(𝝈1) cosh(𝜅 𝐻𝑏) + 𝐴𝑦(𝝈1) + 𝐴𝑧(𝝈1)
𝐴𝑥(𝝈2) cosh(𝜅 𝐻𝑏) + 𝐴𝑦(𝝈2) + 𝐴𝑧(𝝈2)

)

(5)

This expression gives the area of the Ericsson cycle in terms of En-
ergy per volume unit. It can also be useful to describe the potential of a
material in terms of energy per mass unit or in terms of energy per price
unit. The corresponding expressions 𝐴𝑚(𝐻𝑚,𝝈1,𝝈2) and 𝐴$(𝐻𝑚,𝝈1,𝝈2)
are given by (6), where 𝜌 is the mass density of the material and 𝑝$ its
price per mass unit.

𝐴𝑚(𝐻𝑚,𝝈1,𝝈2) =
1
𝜌
𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) and

𝐴$(𝐻𝑚,𝝈1,𝝈2) =
1
𝑝$

𝐴𝑚(𝐻𝑚,𝝈1,𝝈2) =
1

𝜌 𝑝$
𝐴𝑣(𝐻𝑚,𝝈1,𝝈2) (6)

3.3. Simplification in the case of uniaxial stress applied along the field
direction

In the case where one of the curves used for the Ericsson cycle is
the stress-free magnetisation curve (𝝈2 = 𝟎) and the second is a curve
obtained under a uniaxial stress with amplitude 𝜎 applied parallel to
the applied field (𝝈1 = 𝜎 𝐱 ⊗ 𝐱), the area 𝐴𝑣(𝐻𝑚, 𝜎, 0) of the Ericsson
cycle simplified into (7). A positive (resp. negative) value of 𝜎 denotes
a tensile (resp. compressive) stress.

𝐴𝑣(𝐻𝑚, 𝜎, 0) =
𝜇0 𝑀𝑠
𝜅

ln
(

exp(𝛼 𝜎) cosh(𝜅 𝐻𝑏) + 2
exp(𝛼 𝜎) cosh(𝜅 𝐻𝑚) + 2

×
cosh(𝜅 𝐻𝑚) + 2
cosh(𝜅 𝐻𝑏) + 2

)

(7)

3.4. Ultimate achievable energy conversion under uniaxial stress

Assuming that it is possible to reach any level of magnetic field, it is
interesting to see what is, for a given uniaxial stress 𝜎, the ultimate area
𝐴𝑣(𝐻∞, 𝜎, 0) that can be covered by the Ericsson cycle. The expression
(8) is simply obtained by taking the limit of (7) when 𝐻𝑚 tends to
nfinity.

𝑣(𝐻∞, 𝜎, 0) =
𝜇0 𝑀𝑠
𝜅

ln
(

cosh(𝜅 𝐻𝑏) + 2 exp(−𝛼 𝜎)
cosh(𝜅 𝐻𝑏) + 2

)

(8)

4. Comparison of different materials for energy harvesting appli-
cations

This section is dedicated to the comparison of different materials
regarding their potential for energy harvesting applications, based on
their respective properties. The tested magnetic materials are listed in
Table 1 with their relevant properties, taken from the literature. For
the sake of simplicity, and although the proposed analytical approach
can assess the potential of a material for any multiaxial loading, the
analysis is here restricted to uniaxial loading configurations (uniaxial
stress 𝜎 applied parallel to the magnetic field 𝐻).
3

4.1. Comparison based on volume efficiency

A first comparison can be made based on the maximum harvestable
energy per volume unit. Based on (7), Table 2 shows the performance
of the tested materials for various uniaxial stress 𝜎 (compressive) and
various maximum field levels 𝐻𝑚. For each couple (𝐻𝑚, 𝜎), the better
performance is indicated in dark colour and materials still competitive
with the best performance are indicated in light colour.

At high levels of magnetic field 𝐻𝑚 (of the order of 100 kA m−1), Gi-
nt Magnetostrictive Materials (GMM, Terfenol-D and Galfenol), clearly
how the best performance. If low levels of magnetic field 𝐻𝑚 are
onsidered, competitors emerge. FeNi and Fe-based amorphous alloys
t low stress levels and GO FeSi or Polycrystalline Fe for higher stress
evels reveal better capability than GMM in these ranges. This is due to
he low magnetic permeability of GMM which requires high levels of
pplied magnetic field to exploit their full potential.

.2. Comparison based on weight efficiency

Combining (7) with the left part of (6), the tested materials can be
ompared based on the maximum harvestable energy per mass unit.
iven the small differences in the mass density between the tested
aterials, such a comparison brings essentially the same results as the

omparison based on the maximum harvestable energy per volume
nit. Therefore it will not be detailed here.

.3. Comparison based on cost efficiency

Combining (7) with the right part of (6), a comparison based on
rice can be performed. It will reveal the maximum harvestable energy
er price unit. The results are given in Table 3, showing under the same
niaxial loading conditions as Table 2. Again, for each couple (𝐻𝑚, 𝜎),
he better performance is indicated in dark colour and materials still
ompetitive with the best performance are indicated in light colour.

It is evident that the conclusions are very different compared to
he case where volume (or weight) is to be optimised. Due to their
ery high price, GMM are not competitive anymore. Electrical steels
n the contrary are produced in huge quantities, resulting in a very
ow cost, making them very competitive here for energy harvesting
pplications. Of course, these conclusions can evolve drastically based
n price fluctuations, or required material quantity, but the proposed
imple analytical formulas (7) and (6) allow for an updated view may
rice vary or other materials emerge.

.4. Maximum harvestable energy for a given magneto-mechanical loading

Still considering uniaxial loadings, for the sake of simplicity, it is
nteresting to look, based on the available material database, at the
est achievable harvested energy for a given stress 𝜎 and magnetic field
𝑚. Depending on the couple (𝐻𝑚, 𝜎), this best achievable harvested

nergy will be provided by different materials. The space (𝐻𝑚, 𝜎) for
ompressive stress has been scanned for all materials in Table 1, and
he maximum harvestable energy has been picked up for all loading
onditions. The results are shown in Fig. 2. Fig. 3 shows a performance
ap, to highlight which material is the most efficient, depending on

he loading conditions and on the chosen criterion (volume or price).
High conversion performance, in terms of volume (and mass), can

nly be achieved by reaching very high field levels. Such configurations
orrespond to regions where GMM exhibit very high performance. On
he contrary high conversion performance in terms of cost does not
equire very high levels of magnetic field. This is due to the compet-
tiveness of electrical steels at low magnetic field 𝐻𝑚. It is interesting
o note that Iron-Silicon steels dominate the competition if the cost is
he chosen criterion (Fig. 3(b)). This is due to their price much lower
han their competitors. This conclusion can change very quickly if the
arket conditions are changed. On the other hand, the landscape is

ery different if the criterion relies on volume efficiency (Fig. 3(a)).
epending on the loading conditions, very different materials can

eveal as the most efficient in terms of energy harvesting.
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Table 1
Choice of magnetostrictive candidates for energy harvesting applications: saturation magnetisation 𝑀𝑠, maximum magnetostriction 𝜆𝑠,
initial anhysteretic susceptibility of the stress-free magnetisation curve 𝜒𝑜, coercive field 𝐻𝑐 , mass density 𝜌, price 𝑝$.

𝑀𝑠 𝜆𝑠 𝜒𝑜a 𝐻𝑐 𝜌 𝑝$b Ref.c
106 A m−1 10−6 – A m−1 kg m−3 $ kg−1

Polycrystalline Iron (Poly Fe) 1.72 5.0 50 000 10 7867 10 [35]
Non-oriented Iron Silicon steel (FeSi NO) 1.69 10 10 000 30 7700 1.2 [35]
Grain-oriented Iron Silicon steel (FeSi GO) 1.61 3.0 80 000 4 7650 1.5 [35]
Permalloy (FeNiMo) 0.64 1.0 500 000 1 8700 30 [35]
Permendur (FeCo-2V) 1.87 60 2000 30 8200 100 [35]
Fe50-Ni50 1.27 25 100 000 4 8120 40 [35]
Fe-based amorphous alloys (Fe-amorph) 1.24 40 100 000 2 7500 100 [35]
Co-based Amorphous alloys (Co-amorph) 0.49 0.5 500 000 1 7500 100 [35]
Nanocrystalline alloys (Finemet) 0.99 2.0 500 000 1 7200 14 [35]
Nanocrystalline alloys (Nanoperm) 1.21 0.1 50 000 3 7200 14 [35]
Terfenol-D 0.80 700 10 2500 9200d 15 000 [36]
Galfenol 1.38 200 20 150 7800d 10 000 [37]

a When not directly available, the maximum magnetic permeability was used.
b Prices can be subjected to considerable variations based on time and volume.
c Except for price, found at various suppliers online.

d Mass density for Terfenol-D and Galfenol were obtained from http://tdvib.com.
Table 2
Comparison based on volume efficiency: area 𝐴𝑣(𝐻𝑚 , 𝜎, 0) of the Ericsson cycle (in μJ cm−3) for different materials under different loading
conditions. Uniaxial stress is compressive (𝜎 < 0). The cells coloured in dark colour highlight the best performance. A light colour indicates a
competitive performance - though not first rank.
𝐻𝑚 (A m−1) 102 103 104 105 102 103 104 105 102 103 104 105 102 103 104 105

|𝜎| (MPa) 10 10 10 10 25 25 25 25 50 50 50 50 100 100 100 100

Poly Fe 62 63 63 63 154 174 174 174 169 362 362 362 169 737 737 737
FeSi NO 31 114 114 114 52 324 324 324 56 696 696 696 56 1.4k 1.4k 1.4k
FeSi GO 39 39 39 39 106 106 106 106 176 219 219 219 177 444 444 444
Permalloy 15 15 15 15 37 37 37 37 75 75 75 75 79 150 150 150
Permendur 7 490 702 702 11 979 2.0k 2.0k 11 1.1k 4.2k 4.2k 11 1.1k 8.7k 8.7k
Fe50-Ni50 147 371 371 371 147 934 934 934 147 1.6k 1.9k 1.9k 147 1.6k 3.7k 3.7k
Fe-amorph 144 597 597 597 144 1.5k 1.5k 1.5k 144 1.5k 3.0k 3.0k 144 1.5k 1.5k 1.5k
Co-amorph 7 7 7 7 19 19 19 19 37 37 37 37 62 75 75 75
Finemet 30 30 30 30 75 75 75 75 123 150 150 150 123 300 300 300
Nanoperm 1 1 1 1 3 3 3 3 5 5 5 5 12 12 12 12
Terfenol-D 10 8 141 6.3k 21 17 308 16k 31 26 471 32k 38 32 571 50k
Galfenol 0 1 61 1.9k 0 2 150 4.7k 0 3 290 9.7k 0 5 533 20k
Table 3
Comparison based on cost efficiency: area 𝐴$(𝐻𝑚 , 𝜎, 0) of the Ericsson cycle (in μJ $−1) for different materials under different loading conditions. Uniaxial stress is compressive
(𝜎 < 0). The cells coloured in dark colour highlight the best performance. A light colour indicates a competitive performance - though not first rank.
𝐻𝑚 (A m−1) 102 103 104 105 102 103 104 105 102 103 104 105 102 103 104 105

|𝜎| (MPa) 10 10 10 10 25 25 25 25 50 50 50 50 100 100 100 100

Poly Fe 792 796 796 796 2.0k 2.2k 2.2k 2.2k 2.1k 4.6k 4.6k 4.6k 2.1k 9.4k 9.4k 9.4k
FeSi NO 3.4k 12.3k 12.3k 12.3k 5.6k 35.1k 35.1k 35.1k 6.1k 75.3k 75.3k 75.3k 6.1k 156k 156k 156k
FeSi GO 3.4k 3.4k 3.4k 3.4k 9.2k 9.3k 9.3k 9.3k 15.4k 19.1k 19.1k 19.1k 15.4k 38.7k 38.7k 38.7k
Permalloy 56 56 56 56 142 142 142 142 286 286 286 286 303 573 573 573
Permendur 9 598 857 857 13 1.2k 2.4k 2.4k 14 1.4k 5.1k 5.1k 14 1.4k 10.6k 10.6k
Fe50-Ni50 452 1.1k 1.1k 1.1k 452 2.9k 2.9k 2.9k 452 4.9k 5.8k 5.8k 452 4.9k 11.5k 11.5k
Fe-amorph 192 796 796 796 192 2.0k 2.0k 2.0k 192 2.1k 4.0k 4.0k 192 2.1k 2.1k 2.1k
Co-amorph 10 10 10 10 25 25 25 25 50 50 50 50 82 100 100 100
Finemet 294 294 294 294 740 740 740 740 1.2k 1.5k 1.5k 1.5k 1.2k 3.0k 3.0k 3.0k
Nanoperm 10 10 10 10 25 25 25 25 53 53 53 53 114 114 114 114
Terfenol-D <1 <1 1 46 <1 <1 2 119 <1 <1 3 233 <1 <1 4 362
Galfenol <1 <1 1 24 <1 <1 2 61 <1 <1 4 125 <1 <1 7 258
4.5. Ultimate harvestable energy conversion

Another comparison that can be made between the different magne-
tostrictive materials consists in plotting the ultimate achievable energy
conversion under uniaxial stress (compression). The results are shown
in Fig. 4, for a comparison based on volume (left) and a comparison
based on cost (right). It is reminded that a comparison based on the
ultimate harvestable energy conversion supposes that the maximum
level of magnetic field 𝐻𝑚 required to obtained the best performance
of a given material is attainable.

As expected, GMM show the best performance in terms of volume
4

optimisation. In terms of cost optimisation, electrical steels are the best
materials. Fig. 4 also shows that some materials are clearly not com-
petitive for energy harvesting applications (e.g. Co-based amorphous
alloys, Nanoperm, or Permalloy). This is mostly due to very low magne-
tostriction 𝜆𝑠 and relatively small 𝑀𝑠. As already highlighted, choosing
an optimisation based on volume/weight or cost totally changes the
definition of the most efficient material.

5. Conclusion

In this paper, the area of Ericsson cycles under uniaxial magneto-
elastic loading was used as an indicator of energy harvesting capa-
bilities of various magnetic materials. An analytical model was devel-
oped. The model is based on standard material parameters (saturation

http://tdvib.com
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Fig. 2. Maximum harvestable energy for all tested materials as a function of the loading conditions (uniaxial configuration with compressive stress).
Fig. 3. Material performance maps: most efficient material depending on the loading conditions (uniaxial configuration with compressive stress). Magnetic field amplitude is shown
in log scale.
Fig. 4. Ultimate harvestable energy for all tested materials as a function of the available stress amplitude (uniaxial configuration).
magnetisation 𝑀𝑠, maximum magnetostriction 𝜆𝑠, initial anhysteretic
susceptibility of the stress-free magnetisation curve 𝜒𝑜, coercive field
𝐻𝑐 , mass density 𝜌 and price 𝑝$). For configurations when a bias field
𝐻 is used for energy harvesting the coercive field 𝐻 can be replaced
5

𝑏 𝑐
by 𝐻𝑏 in the obtained formulas. The approach is based on an anhys-
teretic formulation of the magnetisation curves. Hysteresis is simply
obtained by shifting the anhysteretic curve by a constant magnetic
field value. A possible improvement would consist in incorporating
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hysteresis effects in a more refined way. However, it is believed that the
proposed formula allows to capture the main trends of the evolution of
the Ericsson cycles under different magneto-elastic configurations.

The model was used to compare various materials with respect to
their energy harvesting potential. The comparison was performed for
the case of uniaxial magneto-elastic loadings but the model is appli-
cable to multiaxial configurations. It is shown that when optimising
volume (or weight) Giant Magnetostrictive materials (Terfenol-D and
Galfenol) offer the highest efficiency for energy harvesting if no limi-
tation is given on the amplitude of the magnetic field. However if high
values of magnetic field cannot be reached, some iron-based materials
appear as challengers. Below magnetic field levels of a few thousands A
m−1, Giant Magnetostrictive Materials are no longer competitive. Based
n price, the game is totally changed and electrical steels appear to
e excellent candidates for energy harvesting applications. Of course,
rices are subject to considerable variations depending on availability,
equired volume, supplier or time, so that the conclusions drawn can be
apidly outdated. Similarly, material properties can evolve significantly
epending on compositions or processes. But the analytical criterion
roposed allows easy and continuous updating. It is also worth noting
hat the material is not everything in the design of an energy harvesting
evice, and the volume and cost of the surrounding system also plays
role, which was not discussed in this study.

RediT authorship contribution statement

Laurent Daniel: Conceptualization, Methodology, Software, Inves-
tigation, Visualization, Writing – original draft. Benjamin Ducharne:
Conceptualization, Investigation, Resources, Writing – review & edit-
ing. Yuanyuan Liu: Validation, Writing – review & editing. Gael
ebald: Conceptualization, Validation, Writing – review & editing.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

ata availability

No data was used for the research described in the article.

ppendix. Applicability of energy harvesting devices based on
ricsson cycles

This article compares the harvesting capability of different magne-
ostrictive materials based on the Ericsson cycle. In order to support the
ignificance of this theoretical approach, we show in this appendix how
he Ericsson cycle can be used as an actual energy harvesting cycle. The
bjective is notably to show that the harvested energy can significantly
xceed the amount required for the cycle creation.

The generation of a real-timely controlled, high-amplitude magnetic
xcitation is a critical aspect. Permanent magnets used in electromag-
etic devices generate magnetic fields of constant amplitude, which
s unsuitable in the Ericsson cycle context. Excitation coils are the
nly alternative option, but to the price of Joule losses. These losses
onstitute a large proportion of the total input energy required by the
ycle generation. Therefore, a good approximation of the real amount
f energy harvested can be obtained from the ratio 𝑟 between the
mount of harvested energy 𝑊harv and the amount of energy 𝑊J lost
y Joule effect in the excitation coil:

=
𝑊harv
𝑊J

(A.1)

Based on such analysis, optimised experimental conditions can be
iven to maximise the ratio 𝑟, inspired from the study case in [16].
6

Fig. A.5. Rod specimen and electrical current waveform.

Consider a rod of magnetostrictive material, with diameter 𝛷 = 40 mm
and height ℎ = 200 mm (Fig. A.5). The excitation field 𝐻𝑚 is tested in
the range [0.1 100] kA m−1, and the maximal current 𝐼 is imposed to
be no larger than 10 A. The coil wire diameter 𝛷w is set to ensure a
temperature elevation 𝛥𝜃 lower than 50 ◦C. A first calculus based on
(A.2) is done to estimate the height ℎc of the resulting coil, where 𝑁 is
the number of turns, 𝑛lay the number of layers for the coil, and 𝜌corr =
1.1 a correction coefficient to take into account the wire dielectric
coating and some potential irregularities in the turns distribution.

ℎc = 𝜌corr
𝑁 𝛷w
𝑛lay

(A.2)

Several conclusions can be drawn from the exploitation of (A.2) in
the physical and geometrical conditions described above (𝐻𝑚 ∈ [0.1
100] kA m−1, 𝐼 ≤ 10 A, 𝛥𝜃 ≤ 50 ◦C). For this, ℎc was calculated for
every possible combination of working conditions and considering up
to 5 layers (𝑛lay):

◦ 𝑛lay has to be larger than 25 to generate 𝐻𝑚 = 100 kA m−1 while
keeping ℎc lower than ℎ.

◦ a single layer coil is enough to generate up to 𝐻𝑚 = 1 kA m−1

◦ three layers are the minimal requirement to reach 𝐻𝑚 = 10 kA
m−1

The Joule losses can then be calculated using (A.3), where 𝑅 is the
in-series coil resistance, and 𝑓 is the frequency of current waveform,
assumed triangular (Fig. A.5).

𝑊J = 𝑅𝐼2

3𝑓
(A.3)

On the other hand, 𝑊harv is obtained by multiplying the results from
able 2 by the volume of the considered magnetostrictive materials
aprox. 250 cm3 with the geometry considered here). The calculation
f 𝑟 is limited here to the materials identified in the study as potential
andidates for energy harvesting applications:

◦ FeSi NO and FeSi GO from Table 3 criterion
◦ Fe-amorph from Table 2 criterion at low magnetic fields
◦ Terfenol-D from Table 2 criterion at high magnetic fields
The ratio 𝑟 is presented for the selected materials in Table A.4. The

ractically of use of an Ericsson cycle is set - arbitrarily - for ratios
above 5 (green-coloured cells in Table A.4). In the low field range
𝐻𝑚 = 100 A m−1), this criterion is met for all materials. Oppositely,
nly Terfenol-D fulfils this criterion in the high field range. FeSi GO
xhibits the largest 𝑟 (>60) but only in the low field range where

the amount of harvested energy is limited. Of course these results
are dependent on the specimen geometry, but provide the trends for
material performance.

Finally, to assess the practicality of energy harvesting from Ericsson
cycles, the question of the electrical converter has to be considered. A
possibility is to consider a bidirectional DC–DC converter. Based the
energy densities reported in Table 2 and with the considered geometry,
electrical powers in the range of [1 250] W at 𝑓 = 50 Hz are expected.
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1

Table A.4
Ratio 𝑟 for different current 𝐼 and stress 𝜎 levels for a selection of magnetostrictive materials. A light colour indicates a ratio 𝑟 > 5 and a dark colour indicates 𝑟 > 25. Uniaxial
stress is compressive (𝜎 < 0).

𝐼 (A) 1 5 10 1 5 10 1 5 10 1 5 10
𝐻𝑚 (kA m−1) 0.1 0.1 0.1 1 1 1 10 10 10 100 100 100
𝑁 20 4 2 200 40 20 2000 400 200 20 000 4000 2000

10 MPa FeSi NO 11.00 10.96 10.92 4.04 4.03 4.01 0.40 0.40 0.40 0.04 0.04 0.04
10 MPa FeSi GO 13.83 13.79 13.73 1.38 1.38 1.37 0.14 0.14 0.14 0.01 0.01 0.01
10 MPa Fe-amorph 51.08 50.93 50.70 21.18 21.11 21.02 2.12 2.11 2.10 0.21 0.21 0.21
10 MPa Terfenol-D 3.55 3.54 3.52 0.28 0.28 0.28 0.50 0.50 0.50 2.23 2.23 2.22

25 MPa FeSi NO 18.44 18.39 18.31 1.84 1.84 1.83 0.18 0.18 0.18 0.02 0.02 0.02
25 MPa FeSi GO 37.60 37.49 37.32 3.76 3.75 3.73 0.38 0.37 0.37 0.04 0.04 0.04
25 MPa Fe-amorph 51.08 50.93 50.70 5.11 5.09 5.07 0.51 0.51 0.51 0.05 0.05 0.05
25 MPa Terfenol-D 7.45 7.43 7.39 0.74 0.74 0.74 0.07 0.07 0.07 0.01 0.01 0.01

50 MPa FeSi NO 19.86 19.81 19.72 24.69 24.62 24.51 2.47 2.46 2.45 0.25 0.25 0.25
50 MPa FeSi GO 62.43 62.25 61.97 7.77 7.75 7.71 0.78 0.77 0.77 0.08 0.08 0.08
50 MPa Fe-amorph 51.08 50.93 50.70 53.20 53.05 52.81 10.64 10.61 10.56 1.06 1.06 1.06
50 MPa Terfenol-D 11.00 10.96 10.92 0.92 0.92 0.92 1.67 1.67 1.67 11.35 11.32 11.27

100 MPa FeSi NO 19.86 19.81 19.72 51.18 51.04 50.81 4.97 4.95 4.93 0.50 0.50 0.49
100 MPa FeSi GO 62.78 62.60 62.32 15.75 15.70 15.63 1.57 1.57 1.56 0.16 0.16 0.16
100 MPa Fe-amorph 51.08 50.93 50.70 53.20 53.05 52.81 5.32 5.31 5.28 0.53 0.53 0.53
100 MPa Terfenol-D 13.48 13.44 13.38 1.14 1.13 1.13 2.03 2.02 2.01 17.73 17.68 17.60
For such powers, commercially available DC–DC converters such as
MAX797 [38] or MAX1653 [39] exhibit up to 96% efficiency. A rough
estimation can be obtained for the voltage amplitude based on (A.4),
where 𝑆 is the rod cross-section, 𝜔 the angular velocity, and 𝛥𝐵 the
maximal variation of the magnetic induction along with the Ericsson
cycle.

𝑉 = 𝑛𝑆 𝜔𝛥𝐵 (A.4)

A few volts are obtained in the low field range and up to more than
000 V in the extreme case of the Terfenol-D for 𝐻𝑚 = 100 kA m−1

and 𝑁 = 20 000 turns. Besides this extreme case, all coloured cells in
Table A.4 lead to reasonable values, low enough to be used as input of
the proposed DC–DC converters.
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