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A B S T R A C T   

Low-frequency vibrations are common as background noise in urban and industrial environments. They originate 
from natural or artificial sources: road vehicles, industrial machinery, wind, etc., and constitute a ubiquitous 
energy source. In the framework of energy harvesting, magnetostrictive materials are an attractive alternative 
solution to the brittleness and geometrical limitations of piezoelectric materials. While numerous previous works 
dealt with uniaxial stress on selected materials, the exploration of the effects of multiaxial loadings and material 
anisotropy has not yet been investigated as a way to improve the performance of low-frequency vibration energy 
harvesting systems. In this work, we investigated the capability of grain-oriented electrical steel in an energy- 
harvesting context. This material has been selected as a model material, notably as it is abundant and cost- 
effective. It shows limited magnetostriction but significant elastic, magnetic, and magnetostrictive anisotropy. 
We combined experimental and predictive simulation results to discuss the possibility of increasing the levels of 
harvested energy by playing with the orientation of magnetic and mechanical stimuli. Various orientations of 
magnetic field and mechanical stress were considered with regard to the rolling direction of the material. Un
expectedly high energy density amounts, up to 10 mJ⋅cm− 3, were obtained, competing with giant magneto
strictive materials like Terfenol-D or Galfenol.   

1. Introduction 

With the fast development of low-power electronics and the Internet 
of Things, wireless sensors and sensor networks are experiencing 
tremendous growth. Most of these devices rely on batteries character
ized by a limited lifespan (e.g., due to self-discharge) and non- 
sustainable composition. Manufacturers are looking for alternative so
lutions, but the number of feasible replacement options is limited. En
ergy harvesting systems are a promising solution, attracting the 
increasing attention of the academic and industrial communities [1–4]. 

A complete energy harvesting system includes three main parts: an 
active material, a structure (mechanical, thermal, etc.), and an electrical 
interface [5,6]. Regarding the conversion material, magnetostrictive or 
piezoelectric materials can be equally used for converting energy from 
vibrational sources. In contrast, photovoltaic cells are limited to solar 

sources, and thermoelectric modules to thermal ones. Low-frequency 
vibrations are common background noise in urban and industrial envi
ronments, meeting the needs of self-powered sensing in such areas. They 
originate from many artificial and natural sources: road vehicles, in
dustrial machinery, wind, air-conditioning units, etc., and constitute a 
ubiquitous energy source of high-power density [7–10]. 

Most existing vibrational energy harvesters rely on piezoelectric, 
magneto-dynamic, or magnetostrictive coupling. Piezoelectric materials 
are brittle, have high impedances, and lack design flexibility [11,12]. 
Magneto-dynamic systems are delicate to use in the low-frequency range 
and need substantial space. Thus, in this study, we opted for magneto
strictive conversion. 

Magnetostriction is the change of shape of a magnetic specimen 
subjected to a magnetic field [13–18]. The converse effect (magnetiza
tion variation due to a mechanical stimulus) is called the Villari effect. 
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All energy harvesting systems based on magnetostriction exploit the 
Villari effect [19–22]. They convert the variation of the mechanical 
excitation due to natural vibrations into a change of magnetization state 
and, thus, magnetic flux density, which induces a voltage when associ
ated with a dedicated electrical interface. The magnetization process is 
strongly anisotropic (direction-dependent), and so is magnetostriction 
[23–29]. From the energy harvesting point of view, magnetostrictive 
anisotropy means that the coupling property can be maximized ac
cording to the direction and orientation of both magnetic and me
chanical excitations. Still, to our knowledge, this potentiality has never 
been exploited. Therefore, this work investigates the performances of 
Grain-oriented electrical steel (GO FeSi) in an energy harvesting context. 

GO steel shows a limited magnetostriction. But it is highly aniso
tropic, and its magnetic behavior is well documented. Also, efficient 
simulation tools are available to describe its magneto-mechanical 
behavior [30–32]. Furthermore, its cost-effectiveness is consistent 
with the economic constraints of low-power sensing solutions in the 
framework of battery replacement. This study combines experimental 
and predictive simulation results to exploit the energy harvesting 
capability of GO FeSi. We discuss the possibility of increasing the 
amount of harvested energy by playing with the orientation of both 
magnetic and mechanical stimuli. 

The manuscript is organized as follows. Section II is dedicated to the 
experimental methods, including the description of the so-called Erics
son cycle (in the context of the magnetostrictive energy harvesting), the 
experimental setup, and the tested specimens. The third section de
scribes the simulation method. The fourth section provides discussions 
on simulations and experimental results. The last section includes a 
general conclusion and perspectives. 

2. Experimental methods 

A dedicated experimental process was designed to assess the influ
ence of anisotropy on the amount of harvested energy after a complete 
conversion cycle. The first sub-section of this practical description de
fines the Ericsson cycle, which was run for energy conversion. Then, the 
magneto-mechanical characterization setup is detailed, followed by a 
complete description of the specimens and their preparation. 

2.1. Ericsson cycle 

At low frequencies, an energy harvesting system has to go through a 

complete cycle to be effective. Amongst a limited number of options, the 
so-called Ericsson cycle (Fig. 1), which in the context of a magneto
strictive energy harvester consists of two steps under constant stress and 
two under constant magnetic excitation [33–35], provides a solid basis 
for analysis for comparison purposes. Let us consider a magnetostrictive 
specimen in an unknown magnetic state bearing the effect of a me
chanical tensile stress stimulus. The related magnetostrictive Ericsson 
cycle includes four steps: 

1–2: The stress stimulus starts, going from a low-stress state σmin to a 
maximal stress value σmax, while the magnetic excitation is kept null. If 
the initial magnetization state is non-zero, magnetization increases 
under the sole effect of mechanical stress (for a positive magnetostric
tion material). 

2–3: The stress is kept constant at σmax while the magnetic excitation 
increases to a maximal magnetic excitation value Hmax. 

3–4: The stress decreases to the original minimal value of σmin, while 
the magnetic excitation is maintained at Hmax. During this stage, the 
magnetization falls under the sole effect of mechanical stress. 

4–1: The stress stimulus is in the low state value σmin, and the 
magnetic excitation decreases to zero, its initial value. 

The resulting closed-loop area (1–2-3–4 in Fig. 1) in the B(H) dia
gram (with B the magnetic flux density) is equivalent to the energy 
converted from mechanical to magnetic energy, which can be further 
converted into electrical energy. Note that such a conversion is solely 
done through a solid-state phenomenon (inverse magnetostriction), 
contrary to magneto-dynamic devices that use geometric effects. 

Ericsson cycles are used to assess the energy density that can be 
converted from mechanical to magnetic energy. While its practical 
implementation is outside the scope of this study, it is considered a 
measure of the ultimate energy conversion capability within a material. 
It may serve as a comparison basis between materials and to study the 
effect of the orientation of magnetic field and mechanical stress. 

2.2. Magneto-mechanical characterization setup 

A dedicated test bench was designed to evaluate the magnetic flux 
density B when applying an excitation magnetic field H and uniaxial 
mechanical stress σ (tension and compression). Since H and σ were fully 
controlled, Ericsson cycles could also be measured. A descriptive picture 
of this experimental setup in compressive stress configuration is depic
ted in the top part of Fig. 2. The tensile stress configuration is shown at 
the bottom of the same figure. 

The magnetization circuit comprised two electrical steel yokes and 
two N = 55-turns excitation coils connected in series. Each coil is 
wrapping a yoke, as shown in Fig. 2. The excitation coils were supplied 
by a Yokogawa® 7058 power amplifier (Tokyo, Japan) driven by a 
33210A Agilent® (Santa Clara, California, USA) arbitrary waveform 
generator. A 5 Ω resistor was plugged in series with the excitation coils 
to monitor the electrical current. Once measured, this current was used 
to indirectly return the magnetic excitation field, considering that the 
magnetic reluctances of the yokes are negligible compared to that of the 
sample and according to Eq. 1: 

Hsurf(t) =
2N⋅I(t)

Le
(1)  

with Le = 27 mm is the length of the specimen in the tested area. This 
indirect method is imperfect as some assumptions are not always ful
filled, but results still give correct orders of magnitude, i.e., consistent 
with the expectations and the literature. Another solution consists of 
local measurements using a hall probe at different heights and extrap
olating the value at the surface [36,37], but this solution was discarded 
for space limitations. N and R were set to reach the targeted maximum 
magnetic field (3 kA⋅m− 1) with a limited current and ensure a minimum 
inductive contribution compared to the resistive one. This condition was 
mandatory to control the current waveform and the magnetic field Fig. 1. B(H) magnetostrictive Ericsson cycle.  
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accurately. 
A n = 500-turns sensor coil was also wrapped around the tested 

specimens to measure the induced electromagnetic force ∅ giving the 

magnetic flux density: 

Ba(t) =
1

n⋅S

∫

∅(t)dt (2) 

Fig. 2. Experimental setup, compression configuration (top part), and tensile configuration (bottom part).  

Fig. 3. Studied specimens’ orientation and dimensions. Schematic of the sample, introducing material (RD, TD, z) and sample (x, y, z) coordinate systems.  
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where S = 4.2 mm2 (in tensile mode) and 8.4 mm2 (in compressive 
mode) is the tested specimen cross-section. 

For the mechanical stress, two Misumi® (Tokyo, Japan) RSDG306 
linear actuators driven by Misumi EXRS-C1 controllers and Matlab® 
were used. In the compression configuration, buffer springs and linear 
guides were used on both sides of the tested specimen to ensure the 
correct application of the mechanical force. The perfect alignment of the 
tested specimen, the springs, and the linear actuators was obtained using 
two linear guides constituted of four parts: 

_ an alignment spacer (in black in Figs. 2), 3D printed for an adjusted 
height, 

_ a Misumi® LHGS 16–30 linear guide screwed on the top of the 
alignment spacer, 

_ a Ø = 16 mm steel rod, 
_ a 3 cm wide, 3D printed rod spacer (in white in Fig. 2) to avoid any 

magnetic interaction between the steel rod and the tested specimen. 
The critical buckling load can be derived from Eqs. 3 and 4, where I* 

is the moment of inertia: 

I∗ =
bh3

12
(3)  

Fmax =
π2EI∗

(KLe)
2 (4)  

b and h are the specimen’s thickness and height, respectively. The 
parameter E denotes the specimen Young’s modulus. Since the specimen 
is clamped vertically by the yokes, both ends of the specimen are 
assumed to be rotationally fixed. Consequently, the effective length 
factor for rotationally fixed ends, K, is 0.5. Le represents the length of the 
specimen within the tested area. The critical buckling load is calculated 
to be 820 N, corresponding to a compressive stress level of 97 MPa, 
which remains below the tested specimen yield strength (285 MPa, see  
Table 1 below). Therefore, this study limited the maximum compressive 
force to 300 N to prevent buckling risk. We neglected the influence of 
the glue layer as its thickness was minimal compared to the other layers. 
Finally, all the signals were recorded with a Dewesoft® (Trbovlje, 
Slovenia) Sirius data acquisition card. 

2.3. Experimental specimen description 

The tested material was grain-oriented electrical steel (GO FeSi 3%) 
referenced 30JG130 from JFE steel (Tokyo, Japan) [38]. The magnetic 
and mechanical properties of this electrical steel grade, provided by the 
manufacturer, are listed in Table 1. 

“A 290 × 150 mm2 GO FeSi coated plate of easy magnetization (L/ 
RD axis) along the plate length was cut to provide specimens with 
different angles with respect to RD (Fig. 3). The cutting process was 
electro erosion (Electric Discharge Machining, EDM), considered as the 
less harmful cutting method in terms of induced residual stress. 

Three specimens for each investigated angle (0, 30, 60, and 90◦) 
were prepared. Fig. 3 provides the orientation and dimensions of the 
studied specimens. Tension tests were done in the elastic range to avoid 

residual strain. Then, two specimens were glued with a Misumi (Tokyo, 
Japan) modified acrylic resin AY123 for each angle category to form 
two-layer stacks, bulk enough to bear up to 300 N compressive force. 
The glue contributed to the increased stiffness and load distribution of 
the resulting two-layer stack structure, making it less susceptible to 
buckling due to reduced slenderness. The exact thickness of the glue was 
unknown but small enough to avoid impact on the magnetostrictive 
response of the resulting two-layer stack. The third specimen was left 
untreated for possible additional reproducibility tests. 

3. Simulation method 

3.1. Anhysteretic behavior: the MultiScale Model (MSM) 

MSM [39,40] has been built to predict the anhysteretic 
magneto-elastic behavior of a ferromagnetic specimen. It relies on a 
statistical description of the distribution of ferromagnetic domains. 
MSM provides tensorial information, and the anisotropy effects are 
naturally taken into account. The approach has been successfully 
applied to describe the behavior of GO steels [31,41]. The poly
crystalline ferromagnetic specimen is described as an aggregate of single 
crystals (grains). In the multiscale model, a grain is treated as a single 
crystal inside the polycrystal. Each grain is supposed to be divided into a 
finite number of magnetic domain families. About 104 families for each 
grain orientation have been considered for the GO FeSi studied in this 
work. Each domain family is characterized by the orientation α of the 
magnetization and by its potential energy Wα (Eq. 5), where Wα

k, Wα
H, Wα

σ, 
and Wα

conf stand for the magneto-crystalline (Eq. 6), magnetostatic (Eq. 
7), magneto-elastic (Eq. 8), and initial configuration energy, 
respectively: 

Wα = WK
α +WH

α +Wσ
α +Wconf

α (5)  

WK
α = K1

(
γ2

1γ2
2 + γ2

2γ2
3 + γ2

3γ2
1

)
+ K2γ2

1γ2
2γ2

3 (6)  

WH
α = − μ0Hα.Mα (7)  

Wσ
α = − σα : εμ

α (8) 

Hα, Mα, σα and εμ
α are the magnetic field, the magnetization, the stress 

tensor, and the magnetostriction strain tensor defined at the magnetic 
domain scale, respectively. Mα is defined by its norm (the material 
saturation magnetization Ms), and its direction is given by its direction 
cosines γ1, γ2, γ3. εμ

α is defined by the magnetostriction constants λ100 and 
λ111. K1 and K2 are the magneto-crystalline energy constants. The 
configuration term was not used (set to zero) in this study. The volume 
fraction fα of a domain family is calculated from the knowledge of the 
potential energy of all domain families: 

fα =
exp (− ASWα)

∑

α
exp (− ASWα)

(9)  

where AS is a material parameter that can be adjusted using the initial 
macroscopic susceptibility χ0 of the unstressed anhysteretic magneti

Table 1 
30JG130 electrical steel magnetic and mechanical properties as provided by the manufacturer (“L” and “C” means the specimens cut parallel and transverse to the 
Rolling Direction (RD), respectively).  

Grade Thickness 
(mm) 

Assumed density (kg/ 
dm3) 

Resistivity 
(μΩ⋅cm) 

Max. Core Loss 
at 1.7 T 
(W⋅kg¡1) 

Min. Magnetic Polarization at 
800 A⋅m¡1 (T) 

Min. Lamination Factor 
(%)     

50 Hz 60 Hz   
30JG130 0.3 7.65 46 1.3 1.72 1.8 95.5   

Yield point (N⋅mm2) Tensile strength (N⋅mm2) Elongation (%) Hardness HV (1) Number of Bends Lamination Factor (%) 
L C L C L C L C    

285  297 313 362 11  35 188 20 14  98  
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zation curve (Eq. 22 in [39]). 
Once fα is calculated for all magnetic domains families, the magneto- 

elastic response at the grain scale (magnetization Mg and magneto
striction strain tensor εμ

g) is calculated according to Eqs. 10 and 11. 

εμ
g =

〈
εμ

α
〉
=

∑

α
fαεμ

α (10)  

Mg = 〈Mα〉 =
∑

α
fαMα (11) 

An orientation distribution function (crystallographic orientations) 
obtained from X-ray diffraction or Electron Back Scattering Diffraction 
(EBSD) measurements can be used to describe the crystallographic 
texture and return the behavior at the polycrystalline scale [41]. 

For the sake of simplicity, magnetic excitation H and mechanical 
stress σ are supposed to be uniform within the material. Each magnetic 
domain family’s potential energy and volume fraction is calculated first. 
Then the magnetization of each grain is obtained from Eq. 11. Eventu
ally, an average over the whole volume is performed to obtain the entire 
specimen magnetization M (volume average of the grains’ 
magnetization): 

M =
〈
Mg

〉
=

∫

V
MgdV (12) 

This process allows constructing the stress-dependent anhysteretic 
magnetization curves based on a limited number of intrinsic material 
parameters. The magnetic flux density B is finally easily deduced from 
the magnetization using Eq. 13: 

B = μ0(H+M) (13)  

3.2. Modeling results 

In this study, the simulation parameters and the crystallographic 
texture data for a typical GO FeSi were taken from [41] (Hi-B, 300 µm 
thick from Nippon Steel, Tokyo, Japan). 

The crystallographic texture of GO electrical steel is strong, so a 
limited number of orientations (60 here) is sufficient to obtain accurate 
simulation results. The simulation parameters are summarized in  
Table 2. Fig. 4 illustrates MSM predictions. Fig. 4.a shows simulated 
anhysteretic curves for the GO FeSi along different orientations in the 
lamination plane in the stress-free state. All along the paper, the angle θ 
indicates the angle between the magnetic field (Hsurf = Hx) and the 
rolling direction (RD, see Fig. 3). Therefore, θ = 0 indicates a magnetic 
field applied along the Rolling Direction (RD - easy axis), θ = 90◦ along 
the transverse direction (TD). 

Fig. 4.b gives the induction levels for a given H as a function of θ. The 
significant differences between RD and TD are noteworthy, and an 
especially unfavorable direction is observed at approximately 55◦ (usual 
observation for GO electrical steel [31,41]). Interestingly, the contrast 
between low and high magnetic field response is more significant for 
angles greater than 60◦. Fig. 4.c compares simulated anhysteretic curves 
and experimental reconstructed ones obtained by averaging, for a given 
magnetic excitation, measured cycles’ increasing and decreasing 
branches without stress. 

3.3. From the MSM anhysteretic prediction to the Ericsson energy 
harvesting cycle 

The MSM, as implemented here, is anhysteretic. Hysteresis losses are 
not taken into account. However, the coercive field in GO FeSi at low 
frequency is small, and the studied Ericsson cycles do not generate sig
nificant magnetic hysteresis. This issue has already been discussed in the 
case of ferroelectric materials [42]. The calculation of the harvested 
energy from the anhysteretic curves is illustrated in Fig. 5 and yields: 

Ericsson cycle energy =

∫ Hmax

0
Banh _σmax dH −

∫ Hmax

0
Banh _σmin dH (14)  

where Hmax is the maximal value of H, σmax is the stress value in the 1 - 3 
branch (Fig. 5), and σmin in the 4 - 2 branch. 

Even if all energy harvesters are intrinsically dynamic, the MSM 
predictions are static (frequency-independent), so their range of validity 
is restricted to low frequency mechanical source. 

4. Exploitation of experimental and simulation methods in a 
magnetostrictive energy harvester context 

The experimental setup described in Section II was limited to con
figurations where the stress and the magnetic field axis are parallel. 
Regarding MSM, predictions can be obtained for any excitation config
uration. To assess the influence of anisotropy and multiaxiality of stress 
on the amount of energy harvested through Ericsson cycles, we opted for 
the following methodology: 

_ MSM predictions were validated using experimental configurations 
where data are available (uniaxial stress σ, and Hsurf on the same axis). 

_ Additional numerical computations were performed in various 
configurations to identify the most appropriate one for maximizing the 
converted energy. 

4.1. First case study: magnetic excitation Hsurf and uniaxial mechanical 
stress σ in the same direction 

Fig. 6.a depicts the first series of simulation results. Magnetic exci
tation (Hsurf = Hx) and mechanical stress (σ = σx⊗ x) were imposed 
along the length of the sample. Tests were done from θ = 0 to 90◦ with a 
Δθ = 1◦ angle step (0◦ corresponds to RD). The magnetic excitation 
amplitude was 3 kA⋅m− 1. The mechanical stress was compressive along 
x and varied from − 10 to − 100 MPa. Results confirm the very strong 
anisotropy of the material. Simulations under tensile stress were also run 
for the same range of stress amplitudes but not plotted here for 
conciseness (as results showed less relevance in the targeted applicative 
framework). Fig. 6.b and 6.c show comparisons between experimental 
and modelling results for compressive and tensile stresses in the 0 - 
25 MPa range for which experimental tests were performed. Measure
ments and predictions show similar order of magnitude for the harvested 
energy. Tension configurations provide much lower harvested energy 
levels compared to compression configurations. The measurement un
certainty is, therefore, also larger in tension. Under compression, larger 
amounts of converted energy were obtained at θ = 0◦. Oppositely 
θ = 55◦, known as the worst angle for magnetization, gave the lowest 
quantity of energy harvested. The Transverse Direction (TD) provides 
higher converted energy than other directions in tensile stress configu
ration. Such trends are also observed for numerical results. Fig. 7 shows 
simulations and measurements for the Ericsson cycle energy vs. the 
magnetic field excitation amplitude for different compressive stress 
levels and angles. 

A discrepancy can be observed in the comparison between the 
experimental and the simulation results of Fig. 6.c for θ lower than 30◦. 
Tensile stress has a magnetic softening effect. When θ < 30◦, GO FeSi is 
already highly magnetically soft. Therefore, the influence of tensile 
stress is expected to be very limited. In such conditions where the effect 

Table 2 
Simulation parameters for the GO FeSi [31].  

Quantity MS K1; K2 λ100 ; λ111 AS C1111 ; C1122 ; 
C1212 

Unit A⋅m− 1 kJ⋅m− 3 - m3⋅ 
J− 1 

GPa 

Value 1.37⋅106 38; 0 23⋅10− 6; 
− 4.5⋅10− 6 

2⋅10− 2 202; 122; 115  
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of stress is shallow, the accuracy of MSM is limited. Fig. 6.c experimental 
results were unexpected but can be attributed to the limitations of the 
testing equipment. The most reliable explanation can be found in the 
shallow level of permeability at saturation, favoring the magnetic 
leakages and reducing the overall accuracy of the characterization 
bench. A discrepancy can also be observed in the comparisons of Fig. 7, 
especially under the compressive stress of − 10 MPa. In this range of 

stress, the impact on the anhysteretic behavior is limited, as well as the 
simulation accuracy. 

Finally, Fig. 8 shows simulations and measurements of the amount of 
Ericsson cycle vs. the stress levels for different angles at H = 3 kA⋅m− 1. 
For this representation, the comparison simulations/measurements 
appear to be much closer. The general trends are respected such as the 
order vs. the angle distribution. 

Both modeling and experimental results confirm the superior per
formance of compressive stress over tensile one. Fig. 6.a exhibits a re
gion with a very strong orientation sensitivity (between 45 and 65◦). In 
this region, the obtention of accurate simulation results is challenging as 
a slight error in the angle (both in the experimental results or the texture 
data definition) yields high uncertainty. Another simulation difficulty 
comes from the high sensitivity in the low-stress region. Conversely, 
high field/high-stress levels produce more stable and reliable results. 
The magnetic microstructure reaches a saturation state for such load
ings, leading to smaller variations in the magnetic response. Conse
quently, MSM appears more trustable at high field and stress, away from 
the θ = 55◦ orientation. These regions will be investigated explicitly in 
the following. 

4.2. Second case study: magnetic excitation Hsurf, and mechanical stress σ 
in different directions 

Excitation stress and magnetic field were uniaxial and along the 
same axis in sub-Section 2.2 experimental setups. But natural vibrations 

Fig. 4. a Simulated anhysteretic curves for different orientations in the lamination plane. 4.b Induction level for a given H as a function of θ. 4.c Comparison 
simulation/measurement for the anhysteretic behaviors. 

Fig. 5. Definition of the Ericsson cycle energy from the anhysteretic curves.  
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could come multiaxially, or a structure may be designed in this objec
tive, even if a preferential acceleration axis is usually observed. Benefits 
can be anticipated by considering such multiaxiality in future energy 
harvesting devices. MSM works with a full tensorial representation of 
the magnetic and mechanical quantities. It can therefore be used to 
predict complex configurations beyond the limitation of laboratory test 
benches. This subsection is limited to numerical predictions. In the first 
configuration, stress remains uniaxial but was applied at 90◦ from the 
magnetic field (Hsurf = H⋅x and σ = σ⋅y⊗ y). Then, bi-axial stress was 
tested under different configurations (Hsurf = H⋅x and σ = σxx⋅x⊗ x +

σyy⋅y⊗ y). It was finally followed by a tri-axial test that we anticipate as 
the most efficient configuration in energy harvesting (Hsurf = H⋅x and 
σ = σxx⋅x⊗ x + σyy⋅y⊗ y + σzz⋅z⊗ z). 

4.2.1. Uniaxial stress configuration: θ varying from 0 to 90◦ from RD and σ 
at θ + 90◦

In this subsection, mechanical stress and magnetic excitation were 
simulated as uniaxial but with an angle difference of 90◦ (Hsurf =

H⋅x and σ = σ⋅y⊗ y). As in Section 4.1, simulations were done from 
θ = 0 to 90◦ with a Δθ = 1◦ angle step, where θ = 0◦ corresponds to RD 
(easy magnetization axis). The magnetic excitation amplitude was 
3 kA⋅m− 1, and the mechanical stress varied from σ = − 100 to 100 MPa. 
It is worth noting the comparable maximum levels of harvested energy 
between Fig. 6.a and Fig. 9. Additionally, it can be observed that 
compressive and tensile stresses can produce a similar amount of har
vested energy as long as the magnetic field is appropriately oriented 
with respect to the uniaxial stress. While an increase in the magnetic 

Fig. 6. Effect of the sample orientation on the harvested energy for uniaxial stress configurations (Hsurf = Hx and σ = σx⊗ x), 6.a Modelling results under 
compressive stress (σ < 0 and max(H)= 3 kA⋅m− 1); 6.b Comparison between experiments and modeling for compressive configurations; 6.c Comparison between 
experiments and modeling for tensile configurations. 
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field would generate the same amount of energy in the compressive case 
of Fig. 10.a (due to saturation), improvement can still be expected in the 
tensile case of Fig. 10.b. 

To conclude with these uniaxial stress situations, we can claim that 
materials with positive magnetostriction coefficients (like the GO FeSi) 
will provide higher energy harvested when compression is imposed in 
the field axis. A tension load at 90◦ is another favorable configuration, 
yielding a very close value of converted energy. 

4.2.2. Biaxial stress first configuration: σuu along RD, σvv along TD and 
Hsurf at θ = 0◦, 30◦, 60◦, and 90◦ from RD (mechanical stress set, magnetic 
field rotating) 

Fig. 12 depicts bi-axial stress simulations. σuu was along RD, σvv 
along TD (Fig. 11), and Hsurf at θ = 0, 30, 60, and 90◦ from RD (defi
nitions in Fig. 11)(Max(H) = 3000 A⋅m− 1, σuu, and σvv varied from − 25 
to 25 MPa). 

The Ericsson energy was calculated in two steps: a first simulation 
under the effect of the magnetic field only and a second where both 
stress and magnetic field are considered. Then, the Ericsson cycle energy 
was calculated as described in sub-Section 2.1. 

The highest energy levels were obtained when Hsurf was along RD or 
TD and when the compression and the magnetic field axis were parallel, 
and tensile stress was imposed on the other axis. The tensile and 
compressive stresses work together and produce more harvested energy. 
Isovalues of the elastic energy Wel are also shown in Fig. 12. The elastic 
energy shows the amount of mechanical energy available in the system. 
It allowed us to compare the different configurations with respect to the 
energy available for harvesting. The details for its calculation are given 
in Appendix A. It is clear from Fig. 12 that a high level of elastic energy 
in the structure does not guarantee a high level of harvested energy. The 

stress tensor’s form and orientation play a significant role. 

4.2.3. Biaxial stress second configuration: σxx and Hsurf at 0◦, 30◦, 60◦, 
90◦ from RD, σyy at 90◦, 120◦, 150◦, 180◦ from RD (mechanical stress and 
magnetic field rotating simultaneously) 

Fig. 13 depicts bi-axial stress simulations: Hsurf = H⋅x and σ =

σxx⋅x⊗ x + σyy⋅y⊗ y. Tests were performed for θ = 0◦, 30◦, 60◦, and 90◦

from RD. Again, Max(H) = 3000 A⋅m− 1, σxx, and σyy varied from − 25 to 
25 MPa. As noticed in 4.2.2, the highest energy levels are obtained when 
Hsurf field is along RD or TD, and when compression is imposed along 
the magnetic field direction and tensile stress along the other axis. The 
system’s elastic energy level has also been plotted to allow comparison. 
Again, it is clear that similar levels of elastic energy can lead to different 
levels of harvested energy depending on the form and orientation of the 
stress tensor. 

4.2.4. Triaxial stress: towards a maximum amount of harvested energy 
The underlying motivation of this work is broader than defining ideal 

stress and field conditions for maximizing the harvested energy. It also 
aims at predicting this maximum amount. For this, we considered 
triaxial stress conditions in the next series of simulations: Hsurf =

H⋅x and σ = σxx⋅x⊗ x + σyy⋅y⊗ y + σzz⋅z⊗ z. σxx, σyy, σzz, were tested 
for − 100, 0, and 100 MPa. 

Those values were set to ensure that the resulting local stress remains 
lower than the yield stress threshold. H maximal value was set to 
3000 A⋅m− 1 for comparison. The anisotropy influence was verified by 
imposing Hsurf along RD first and rotating it with a 30◦ angle step up to 
90◦. The best results for each angle configuration are displayed in  
Fig. 14. Fig. 14 best configurations were set when maximum compres
sion was imposed along the magnetization direction and maximum 

Fig. 7. Harvested energy as a function of the maximum applied magnetic field for uniaxial compressive configurations (Hsurf = Hx and σ = σx⊗ x) for different 
sample orientations with respect to RD. Left: experimental results; right: modeling results. 
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tension along the other axes. In such a configuration, the parallel 
compressive and perpendicular tensile stresses effects superimpose to 
profoundly impact the magnetic response. A significant increase of the 
energy by 20% is obtained when Hsurf is along RD, σxx in compression, 
and σyy and σzz in traction, which leads to the highest reachable energy 
level from the best combination of available elastic energy and magneto- 
mechanical conversion abilities. On the one hand, RD is the easy axis, 
and the zero stress anhysteretic curve is very straight and reaches full 
saturation with a minimum magnetic field. On the other hand, the 
tensile stress imposed on the y and z-axis enhanced the compressive 
effect and contributed to the laying down impact of the resulting 
anhysteretic curve. This effect can also be observed for Hsurf along TD 
results, but the zero-stress anhysteretic curve exhibits much lower flux 
density leading to lower resulting energy. |σ| = 100MPa is high for a real 
life application. Still, mechanical amplification methods exist (see [43] 
for illustration) but the cross-section of the magnetostrictive material 

must be low. In Fig. 14, max(H) = 3 kA⋅m− 1 appeared to limit the 
maximum amount of energy. To overcome this limitation, we ran a last 
series of simulations where max(H) was set to 15 kA⋅m− 1. Such a high 
magnetic field ensured that the flux density saturation was reached for 
all mechanical stress configurations. For simplicity, uniaxial compres
sive stress configuration was considered again in these last simulations. 
The stress level has been tested up to − 400 MPa, close to the compres
sive yield point but still below. 

A remarkable energy density of 13.1 mJ⋅cm− 3 is finally obtained 
under the extreme compressive stress of − 400 MPa. This value shows 
the order of magnitude of the maximum energy level that can be har
vested from an Ericsson cycle on a GO Iron-Silicon steel. Fig. 15 right- 
hand plot shows that in these extreme stress conditions, max(H) 
= 10 kA⋅m− 1 is enough to saturate the materials and close the Ericsson 
loop. It would be interesting to confirm Fig. 15 experimentally. Still, for 
this, a new experimental setup is required, along with specimens of 

Fig. 8. Effect of the sample orientation on the harvested energy for uniaxial stress configurations (Hsurf = Hx and σ = σx⊗ x): 8.a Modelling results for max(H)=
3 kA⋅m− 1; 8.b Comparison between experiments (left) and modeling (right). 
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different geometry. 

4.3. Discussion 

Magnetostriction is described in scientific literature as a promising 
way to convert a mechanical source into electrical energy and is pro
moted for low-frequency vibration energy harvesting. In these articles, 
expensive materials characterized by high magnetostrictive coefficients, 
like Terfenol-D or Galfenol, are always considered [44–46]. Still, in this 
study, we opted for a new paradigm: instead of giant uniaxial magne
tostriction materials, we opted for a cheap and widespread Grain Ori
ented Iron-silicon steel and tried to explore the potential offered by the 
material anisotropy and the multiaxiality of stress. More specifically, we 
verified if anisotropy could be a way to improve the performance of the 
energy harvester and tried to determine the best stress configuration for 
maximizing the amount of energy harvested. 

A multiscale model describing the magneto-mechanical anhysteretic 
behavior of the tested laminations was used to simulate precisely the 
Ericsson cycles. A first series of simulations was proposed in the 
experimental setup conditions developed for this study. The compari
sons between simulations/measurements served as a basis for the model 

Fig. 9. Effect of the sample orientation on the harvested energy for uniaxial stress configurations with stress perpendicular to the applied magnetic field (Hsurf =

H⋅x and σ = σ⋅y⊗ y): modelling results for max(H)= 3 kA⋅m− 1. 

Fig. 10. Graphical illustration of the predicted Ericsson cycles with the MSM for two configurations: 10.a Hsurf = H⋅x, σ = σ⋅x ⊗ x with θ = 0 (x  = RD); 11.b Hsurf =

H⋅x, σ = σ⋅y ⊗ y with θ = 90◦ (x = TD). 

Fig. 11. 4.2.2 vectors and tensors reference.  
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Fig. 12. Ericsson energy in 4.2.2 bi-axial configuration (max(H) = 3 kA⋅m− 1).  

Fig. 13. Ericsson energy in 4.2.3 bi-axial configuration (Hsurf = H⋅x and σ = σxx⋅x⊗ x + σyy⋅y⊗ y) with max(H) = 3 kA⋅m− 1.  
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validation. The model was then further used to anticipate the energy 
harvesting capability of the GO FeSi for configurations not accessible 
through the available test setup. 

To allow for a simple criterion for the maximization of the harvested 
energy, an equivalent stress σeq was sought. This equivalent stress de
fines the uniaxial stress applied along RD, which provides the same 
amount of harvested energy as the actual stress state σ. σeq is written in 
the form 

σeq = ασ‖ + βσ⊥ + γσsh (15)  

where σ‖, σ⊥ and σsh are the normal component of the stress tensor along 

RD, the normal component of the stress tensor along TD, and the shear 
component of the stress tensor in the RD-TD plane, respectively. α, β, and 
γ incorporate the anisotropy effect. They are functions of the magnetic 
field orientation θ. The functions α, β and γ are illustrated in the insets of  
Fig. 16. α was identified from simulations under uniaxial stress applied 
parallel to the magnetic field (simulations for which σ⊥ and σsh are zero). 
β was identified from simulations under biaxial stress with one principal 
component parallel to the magnetic field (4.2.2 configuration for which 
σsh is zero). γ was identified from simulations under biaxial stress with 
principal components along RD and TD (4.2.3 configuration). It is 
evident from Fig. 16 that there is a connection between the θ-depen
dence of α, β and γ and the magnetic anisotropy of the material reflected 

Fig. 14. Tri-axial stress, best results for each angle configuration (max(H) = 3 kA⋅m− 1).  

Fig. 15. Uniaxial maximal compressive stress and magnetic field along RD and the resulting energy.  

Y. Liu et al.                                                                                                                                                                                                                                      



Sensors and Actuators: A. Physical 366 (2024) 115017

13

(in red in the insets) by the θ-dependence of the magnetic induction at 
4 kA.m− 1. 

The main plot of Fig. 16 summarizes all the simulations performed in 
this study for a given magnetic field amplitude (namely 4 kA⋅m− 1). The 
harvested energy from each Ericsson cycle is plotted as a function of the 
proposed equivalent stress σeq. Using this representation, the criterion to 
maximize the Ericsson cycle energy becomes clear: the best configura
tion is the configuration leading to the highest intensity of the equiva
lent stress in compression. Configurations with a positive σeq appear 
non-optimal, with low levels of harvested energy. 

5. Conclusion 

Finally, the conclusions of this work can be summarized as follows: 
_ A multiaxial magnetoelastic model was implemented to investigate 

the most favorable configurations to harvest elastic energy from an 
Ericsson cycle. The model was validated using a dedicated uniaxial 
experimental setup. 

_ Ericsson cycle is a non-resonant harvesting method, it requires 

harvesting as much energy as possible in a short time (to avoid energy 
dissipation). In such a case, the highest the coupling, the highest the 
harvested energy. 

_ It was shown that compressive stress along the magnetic field di
rection is the most efficient way to convert elastic energy to magnetic 
energy using an Ericsson cycle. A tension stress superimposed along a 
direction perpendicular to the applied field has a constructive effect, 
leading to a larger amount of harvested energy. 

_ The proposed modeling approach allows assessing a given magneto- 
elastic configuration, incorporating the effects of elastic, magnetic, and 
magnetostrictive anisotropy. 

_ An equivalent stress was proposed, allowing a straightforward 
assessment of the efficiency of a given magneto-elastic configuration for 
energy harvesting applications. 

_ For the GO FeSi used in this study, the maximum level of harvested 
energy during an Ericsson cycle was for a compressive stress level 
(400 MPa) close to the yield stress and for a magnetic field value along 
RD of the order of 10 kA⋅m− 1. 

_ A maximum of 13.1 mJ⋅cm− 3 was predicted by MSM to be the 
maximum level of energy potentially available for such conversion. Such 
an unexpectedly high amount lies in the same range as the giant 
magnetostrictive materials usually studied for energy harvesting appli
cations [47]. 

_ A bidirectional DC-DC converter and an excitation coil are required 
to generate the Ericsson cycle. Real-time monitoring of input current 
and voltage would lead us to the amount of energy harvested. 
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Appendix A. Calculation of the elastic energy 

Wel is classically defined from the double dot product of the stress with the elastic strain εe (Eq. A.1). The elastic strain is obtained from the stress 
tensor using the Hooke law (Eq. A.2), where S is the compliance tensor of the material. For the GO FeSi of this study, the macroscopic compliance 
tensor S was obtained from the single crystal cubic elastic coefficients (C11; C12; C44) given in Table 2 [34] and the crystallographic texture data using a 
self-consistent approach [48]. The corresponding compliance tensor is given by Eq. A.3 in Voigt notation. 

Wel =
1
2

σ : εe (A.1)  

εe = S : σ (A.2)  

Fig. 16. Summary of all simulations performed: harvested energy as a function 
of the proposed equivalent stress for a maximum applied magnetic field of 4 kA. 
m− 1. The lines show the results for uniaxial configurations, while each marker 
corresponds to a biaxial configuration. The insets show the θ-dependence of the 
parameters α, β and γ used in the definition of the equivalent stress. 
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