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Abstract 

This work addresses vibrational energy harvesting using magnetostrictive materials. In 

this field, materials with exceptional magneto-mechanical coupling properties (e.g., 

Galfenol, Terfenol-D) have attracted significant attention. Only a few magnetostrictive 

materials have been tested in devices, however, leaving the actual influence of these 

materials’ properties on the energy harvesting device open to question. This work compares 

an extensive range of ferromagnetic materials through analysis of their magnetic behavior 

under static stress. To enable fair comparison of the materials, a model was developed to 

interpolate their magnetic anhysteretic curves under fixed stress of σ = ±50 MPa. The energy 

harvesting process was then simulated using a theoretical Ericsson thermodynamic cycle, 

where the area represents the energy density. This approach estimates the ultimate energy 

density of the materials using a fair approach, without placing conditions on the applied 

magnetic field. The correlation between ultimate energy density and the magnetoelastic 

coefficient show that highly magnetostrictive materials achieve higher ultimate energy 

densities, as expected. In the low field range, it is however concluded that all materials 

exhibit energy densities of the same order of magnitude. Secondly, the magnetoelastic 

coefficient versus excitation field characteristics revealed an optimal bias magnetic field for 

each material. Finally, for realistic implementation, the paper considers a pre-stress in 

combination with a bias magnetic field and the small dynamic variations that result from 

currents induced in surrounding coils. A model was developed and revealed an optimum 

output energy density that was independent of the geometry and the coil. An energy 

harvesting figure of merit was then defined to enable a final comparison of the materials, 

encompassing both material characteristics and realistic applications. Under these working 
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conditions and with all costs considered, some low-magnetostriction materials appeared 

able to compete with giant magnetostriction materials. 

Keywords: Magnetostriction, magnetostrictive coefficient, energy conversion, Ericsson 

cycle, energy harvesting, predictive model 

 

I – Introduction 

The increasing numbers of wireless devices in use as a result of the rapid growth of the 

Internet of Things (IoT) [1] has led to the development of dedicated wireless sensors [2]. This 

development has highlighted the urgent need for alternative energy sources to replace 

batteries, which suffer drawbacks such as limited lifespans due to self-discharge and can 

cause severe pollution [3]. One widely studied solution is energy harvesting [4] based on 

smart materials. Various energy types can be collected [5] and converted into suitable 

electricity. Some energy harvesters for autonomous sensors are already commercially 

available [6]. 

A complete energy harvester includes three essential components: the active material 

[7][8], the structure, and the electrical interface [9][10]. Harvesters can be classified based 

on the type of energy source, e.g., as thermal energy harvesters (using thermoelectric 

materials [11]), solar energy harvesters (photovoltaic materials [12][13]), and vibrational 

energy harvesters (piezoelectric [14] or magnetostrictive materials [15–17]). 

Among these energy sources, vibration is attractive because of its ubiquity (with sources 

ranging from human motion [18] to transportation modes such as aircraft [19] and railways 

[20]) and its availability even under relatively harsh conditions [21] (including enclosed 

spaces without access to light, and at moderately high temperatures). 
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Mechanical vibrations can be converted into electricity using magnetic or piezoelectric 

materials. The latter materials exhibit high output impedance and high output voltages 

[22][23], thus making them less flexible with regard to electrical energy treatment. 

Therefore, in this study, we focused preferentially on magnetostrictive materials. 

The magnetostrictive effect was first observed in 1842 by Joule, who showed that 

application of a magnetic field could induce material deformation [24][25]. In 1865, Villari 

introduced the inverse effect by applying mechanical stress to cause changes in 

magnetization [26]. Magnetostrictive materials have numerous applications, including 

sensing [27], micropositioning, active vibration control [28], and biomedical applications 

[29]. The associated energy harvesters convert applied mechanical stress into a change in 

the magnetic flux density (the Villari effect [30]), which then produces an electromotive 

force across a wrapped coil that acts as an electrical generator. 

The conversion process is associated with magnetic flux variations that can be performed 

using two methods: geometrically-induced reluctance change in the magnetic circuit 

[31][32] or the direct magnetostrictive effect [33]. The first method can be realized by 

geometrical transformation, including for example by varying the distance between the 

magnetostrictive material and a magnet (with an airgap). This solution can be implemented 

easily by adding an air gap to the magnetic circuit, although at the cost of a potential loss of 

integrability. However, the role of magnetostriction may be secondary when compared with 

the geometry change effect in this case. For systems using the magnetostrictive effect only, 

an optimized biasing magnetic field and optimized pre-stress level must be set according to 

the material’s nature [34–36]. The objective is to achieve optimal operating conditions and 

use the magnetostrictive properties fully, i.e., realize the highest possible Villari effect.  
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Descriptions of vibrational harvesters that use both magnetostrictive and geometric 

reluctance variation effects can also be found in the literature [37], in which magnets 

provide the magnetic bias field to the material (e.g., Galfenol alloy [38]). During vibration 

periods, the distance variations between the sample and the magnet generate field changes 

and induce electromotive forces across the wrapping coils. However, when the two effects 

interact, the contribution of the highly magnetostrictive and expensive rare earth-based 

materials (10000–20000 €/kg for Terfenol-D and 5000-10000 €/kg for Galfenol [39]) 

becomes questionable. 

To date, the literature on energy conversion materials for use in magnetostrictive energy 

harvesters has mostly focused on highly magnetostrictive materials [40–43]. Some 

references have been made to Metglas [44–46] and to FeCo in [47]. However, Terfenol-D has 

also shown brittleness under tensile stress [48], or a requirement for pre-stressing [49]. 

Therefore, materials with low magnetostriction should be investigated as potential 

conversion materials. 

Most currently available review articles focus on evaluating the overall performance of 

the magnetostrictive energy harvesting system without exploring the potential energy 

conversion performance at a material level. Furthermore, the magnetic characterization data 

collected from the literature are gathered under differing conditions, including various 

magnetic field ranges and stress levels. A fair and comprehensive comparison of the 

magnetostrictive materials that is independent of the structures used has still to be 

provided. In this work, a broad comparison of magnetostrictive materials for energy 

harvesting applications is proposed that considers their potential energy density conversion 

performances under various magnetic field and mechanical stress operating conditions. 
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The first objective of the study is to verify whether cost-effective, low-magnetostriction 

materials can replace more expensive highly magnetostrictive materials under specific 

conditions and to assess these conditions. The materials assessed in this comparison are not 

limited to high-magnetostriction materials such as Galfenol and Terfenol-D. Instead, the 

study includes various ferromagnetic materials, e.g., electrical steels, nickel, iron-cobalt 

alloys, and amorphous strips (Metglas), which have costs that are more compatible with the 

battery replacement objective.  

A common model was developed to estimate the anhysteretic magnetization curves for 

the materials under any specified stress within ±50 MPa through a fitting process. 

Theoretical thermodynamic Ericsson cycles were used to evaluate the output energy 

densities of the different materials. The area of the thermodynamic Ericsson cycles 

represents the energy density. Initially, without any limitations, cycles with a stress level of 

±50 MPa were established with the aid of this model. The enclosed area was estimated 

under an unlimited magnetic field to represent the ultimate energy density of each material. 

In practical situations, the harvesting process is based on application of a bias magnetic field 

and the associated optimal working conditions must also be considered. The magnetoelastic 

coefficient was therefore estimated for each material as a function of the bias magnetic 

field. Finally, in realistic implementations, the dynamic magnetic field is produced by the 

currents induced in the surrounding coils, thus leading to a self-induced excitation situation, 

and the bias magnetic field is always imposed using a permanent magnet. A system model is 

proposed to derive the energy density that can be harvested and a figure of merit is 

proposed for comparison of the materials. 

The structure of this manuscript is as follows. Section II describes the general state of the 

art, along with a comparison of multiple magnetostrictive energy harvesters presented in 
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the literature. Section III describes the numerical method used to simulate the magnetic 

anhysteretic curves. The model is validated through a fitting process and used to interpolate 

the data from the literature. Section IV presents the different estimation methods, including 

the thermodynamic Ericsson cycles under high field and stress conditions, and under low 

magnetic fields. For situations in which a bias magnetic field is used, the magnetoelastic 

coefficient’s dependence on the magnetic field is discussed. Finally, the realistic case of the 

self-induced dynamic excitation field (i.e., through a magnet for magnetic bias and through a 

surrounding coil for induced current) is presented along with a comparison between the 

materials based on a figure of merit for energy harvesting. Using this approach, a brief 

comparison of the different methods is presented in Section V.  

 

II – Energy harvester comparison 

An initial comparison of energy harvesters from the literature from a device perspective is 

presented in table 1. The coupling effect is specified as either geometric reluctance variation 

or the Villari effect. Among the systems considered, the structures in [50] and [51] included 

a variable airgap between the magnet and the magnetostrictive material. During gap 

variation, the height of the airgap changes, which then causes a huge variation in the 

reluctance caused by the magnet. In this case, the main conversion mechanism is geometric 

reluctance variation. For all other energy harvesters listed in table 1, a constant distance was 

maintained between the magnet and the magnetostrictive materials, which means that the 

variation of the reluctance of the magnetic circuit comes from the magnetostrictive 

materials. In this case, the main effect used was the Villari effect. The conversion capabilities 

are given in terms of either energy density (J/cm3) or power (mW), from which we derived 

Wsystem, Wcoil, and Wmaterial to represent the energy densities with respect to the complete 
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device volume, the energy density with respect to the volumes of both the smart material 

and the coil, and the energy density with respect to the smart material volume alone, 

respectively. When the geometrical dimensions were not provided, estimates were made 

from the images of the devices.  

Material Main conversion mechanism 
Frequency 

 (Hz) 

Output power  

(mW) 

Wsystem 

(µJ/cm3) 

Wcoil 

(µJ/cm3) 

Wmaterial 

(µJ/cm3) 
Ref. 

Galfenol 

Geometric reluctance variation 166 3.7 21 300 572 [50] 

Villari effect 140 0.63 1.5 4.1 48.6 [52] 

Villari effect 0.35 - - - 5 [53] 

Terfenol-D 

Geometric reluctance variation - - 187 1580 4400 [51] 

Villari effect 300 83 17.3 - 40.7 [54] 

Metglas 

Villari effect 300 - - - 1 [35] 

Villari effect 324 1.0 0.86 0.86 18.6 [55] 

FeCo 

Villari effect 64 0.0015 0.003 0.053 0.069 [56] 

Villari effect 50k 1.6 0.001 0.01 0.13 [57] 

Table 1 – Comparison of energy harvester systems described in the literature. The parameters 
comprise the main conversion mechanism type; the working frequency (Hz); the output power; the device 

volume energy density; the coil and smart material volume energy density; and the smart material 
volume energy density. 

Systems based on Terfenol-D and Galfenol showed higher Wsystem values than those based 

on Metglas and FeCo. However, the energy density of the complete system is highly 

dependent on the system’s mechanical structure. Furthermore, some of these systems were 

designed as characterization setups rather than as energy harvesters. Therefore, the energy 

densities of the materials were compared, revealing that systems using the geometric 

reluctance variation mechanism are extremely advanced when compared with the other 

devices at a cost of lower integrability. However, Metglas can achieve an energy density of 

the same order as that of Terfenol-D and Galfenol, although it has much lower 

magnetostrictive activity (41 ppm [58] versus 1600 ppm for Terfenol-D [59] and >100 ppm 

for Galfenol [60][61]). Therefore, some materials with low magnetostriction that have barely 
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been investigated to date should be considered to achieve similar performances under low 

magnetic fields. 

In fact, the geometric reluctance variation is always used in the variable reluctance 

energy harvester, which is a specific harvester type that differs from magnetostrictive energy 

harvesters. The variable reluctance energy harvester is always composed of a rotating 

toothed wheel and a stationary pickup setup [62]. The pickup setup is similar to that of the 

magnetostrictive energy harvester, composed of a conversion material, a magnet, and coils. 

Because the conversion depends on Faraday's law, the conversion material must be 

magnetic, but is not necessarily magnetostrictive.  

However, among the energy harvesters that use magnetostrictive materials, some devices 

mix the variable reluctance effect with the magnetostrictive effect. Figure 1 highlights the 

structural influence. With the same material, systems that use the geometric reluctance 

variation method could show energy density levels up to two orders of magnitude higher the 

devices that use the Villari effect alone. These conclusions raised questions about the 

intrinsic conversion abilities of each material independently of their structure. It is thus 

necessary to make a fair comparison at the material level. 

 

Figure 1 – Comparison of energy harvester systems that use the geometric reluctance variation 
method and the Villari effect. 
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III – Numerical method for simulation of anhysteretic behavior 

This section focuses on the development of a numerical method to simulate the 

anhysteretic behavior. The anhysteretic curves are reconstructed using data collected from 

the literature. The objective of this approach is to reproduce the anhysteretic curves 

numerically. These simulations constitute a first step toward estimation of the energy 

conversion abilities of the magnetostrictive materials. 

3.1 Estimation of the anhysteretic curves 

Although some materials may appear unsuitable for energy harvesting at first glance, 

their cost and availability make them worthy of investigation. In addition to the classical 

Galfenol and Terfenol-D, the magnetostrictive materials listed below were also tested: 

- FeCo alloy [63][64]. This material was investigated for use in energy harvesting. 

Additionally, the various alloy compositions have a wide range of applications, 

including actuators, transducers, and motors. The composition 48Fe-50Co-2V 

(referred to as FeCo-2V hereafter) was selected because of the availability of its 

magnetic hysteresis curves under different stress levels. 

- Two grades of grain-oriented electrical steel [65][66]: highly grain-oriented (referred 

to as HGO hereafter) and conventional-grade grain-oriented (referred to as CGO 

hereafter) electrical steel. These alloys are used intensively as laminated magnetic 

core materials for power conversion. Their magnetic performances (e.g., 

magnetostriction) are well documented.  

- A non-oriented grain electrical steel (referred to as FeSi NO hereafter [67][68]). This 

material is mainly used in electric motors. 

- A pure nickel alloy [69]. This material is characterized by the highest reported 

magnetostriction among the pure elements. 
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- As cast CoFeSiB (referred to as AC CoFeSiB hereafter) and Annealed CoFesiB (denoted 

as A CoFeSiB hereafter) amorphous ribbon [70–72]. These materials are normally 

used in sensing applications. 

- As grown Galfenol (denoted as AG Galfenol hereafter) and Annealed Galfenol 

(referred to as A Galfenol hereafter) [73]. Galfenol can be processed in a way that 

incorporates an internal, customized pre-stress into the material. This pre-stress, 

known as stress-annealing, enables the material to exhibit a magnetostrictive 

response even when subjected to tensile loads exceeding 50 MPa. 

This work investigated the conversion capabilities of these materials based on their 

magnetic properties under static stress. Abundant information on these materials can be 

found in the literature, thus allowing extraction of the required data for the comparison 

process, with results as presented in figure 2.  

    

    
Figure 2 – Magnetic characterization of (a) A Galfenol under compressive stress [73], (b) Terfenol-D 

under compressive stress [74], (c) FeCo-2V under compressive stress [75], and (d) FeCo-2V under tensile 
stress [75]. 
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The characterization results for Galfenol and Terfenol-D are shown as magnetic hysteresis 

curves in figure 2(a) and (b), respectively, while the FeCo-2V characteristics under tensile 

and compressive stress are given in the anhysteretic curves shown in figure 2(c) and (d), 

respectively. Anhysteretic curves were estimated for materials with hysteresis curves by 

averaging their major hysteresis cycle's ascending and descending branches, as illustrated in 

figure 3. We assumed that no variations occurred in the external conditions during each 

complete magnetization cycle. 

 

Figure 3 – Illustration of anhysteretic curve estimation from a hysteresis cycle [74]. 

 

3.2 Range of investigations 

Collection of the data from various studies resulted in different stress levels being applied 

from one material to another. Therefore, homogenous test conditions are essential to 

compare the energy conversion capabilities correctly. In this work, a simulation method was 

developed to predict/interpolate the material magnetic responses under common stress and 

magnetic field levels. 

With regard to mechanical stress levels, apart from CGO and Metglas 2605SA1, which 

were limited to –10 MPa and ±30 MPa, respectively, all other materials had available 

characterizations up to ±50 MPa (table 2). Additionally, it is possible to apply this stress level 

under realistic conditions based on the stress levels reached in devices (0.106 N for a FeCo 
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specimen in [56] ≈ 7.5 MPa, plus 30 MPa [51] and 50 MPa [76] for Terfenol-D and Galfenol, 

respectively). Eventually, we opted for ±50 MPa as uniform stress conditions. 

Materials Mechanical range of collected BH curves Mechanical excitation in devices 

FeCo-2V −100 to 100 MPa [75] 0.106 N [56] 

Terfenol-D −55.1 to −7.2 MPa [74] 20 to 30 MPa [51] 

A Galfenol −75.9 to 51 MPa [74] 50 MPa [76] 

FeSi 0 to 67 MPa [77] - 

Nickel 0 to 120 MPa [78] - 

CoFeSiB 0 to 180 MPa [79] - 

FeSi NO −100 to 100 MPa [75] - 

HGO 0 to 118 MPa [80] - 

CGO −10 to 0 MPa [81] - 

Metglas 2605SA1 −30 to 30 MPa [82] 4 MPa [35] 

Table 2 – Mechanical stress ranges for the data collected from the literature. 

B: magnetic flux density; H: magnetic field strength.  

 

3.3 Anhysteretic biphasic model definition 

Figure 2(a) depicts the typical Galfenol B(H) hysteresis cycles measured under various 

compressive stress levels [73]. Low permeability and reversible behavior are both observed 

in the Rayleigh region [83][84]. The limit of this region increases with increasing stress and 

induces two additional inflexion points in the typical ferromagnetic sigmoid anhysteretic 

behavior. In figure 2(b), the Terfenol-D [74] curves are not saturated within the magnetic 

field range considered and show non-negligible linear increasing components under high 

fields. 

The curves of FeCo-2V under compressive stress are shown in figure 2(c) as the typical 

shape characteristics for the other materials. Compressive stress reduces this material's 

magnetic flux density and permeability, similar to Terfenol-D. Figure 2(d) shows the tensile 

stress curves for the same material, showing similar mechanisms but yielding magnetic 

property shifts in the opposite direction. Rapid saturation is observed under all stress levels. 
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In [85] and [86], a nonlinear function was proposed to describe the magnetic behavior of 

Terfenol-D. A biphasic model was developed in [82] for Metglas 2605SA1, which focuses 

more on mathematical description rather than phenomenological approach. In this 

approach, a hyperbolic tangent function and a linear term are chosen as it provides a 

sigmoid shape that fits well with the magnetic hysteretic curves of considered 

magnetostrictive materials. As the focus of this work lies in the material aspect, the stress 

dependence of the shifting behavior (associated with an activation mechanism of the 

magnetostrictive coupling) observed at the Rayleigh region of Galfenol (figure 2(a)) is 

included as well. In that case, a term ±(H0+𝜂𝜎) is added, where H0
 denotes the magnetic 

excitation shift related to a potential transition in the material that originates from the 

observed activation mechanism in some compositions, and 𝜂 is the correlation between this 

shift and the stress level. The improved equation is presented as follow: 

B = α
1

π
arctan[β(1+tanh(γ.σ))(H–(H0+η. σ))]+α

1

π
arctan[β(1+tanh(γ.σ))(H+(H0+η. σ))]+(μ– κ.σ)H  (1) 

where α represents the magnetic flux density saturation of the nonlinear part, β is the small-

signal slope of the nonlinear part, yielding 2αβ/π as the linear permeability of the nonlinear 

part (i.e., a linearization of the nonlinear function for small excitation levels). Additionally, μ 

is the zero-stress permeability of the linear part, and γ and κ are the magnetoelastic 

coefficients of the nonlinear and linear phases, respectively.  

 

3.4 Simulation results and validation 

The simulation parameters for each material were determined using the Matlab® Curve 

Fitting Toolbox. To this end, the reasonable range of the parameters was first estimated, 

along with a consistent and realistic working point. Under these conditions, using the 

Nonlinear Least Squares Method and the True-Region algorithm, the toolbox would provide 
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the optimal set of parameters to align the equation with the anhysteretic curves derived 

from the experimental data at various stress levels. Typical simulation results and 

comparisons of these results with anhysteretic curves obtained from the experimental data 

are shown in figure 4. Two applied stress levels were tested for each material. The results 

showed good agreement between the model and the corresponding anhysteretic curves at 

all magnetic field levels, thus validating the proposed simulation method. 

   

 

Figure 4 – Curve fitting results for (a) A Galfenol under compressive stress, (b) Terfenol-D under compressive 

stress, (c) FeCo-2V under compressive stress, and (d) FeCo-2V under tensile stress. 

 

Parameters and validation have also been completed for the other materials. All the 

simulation parameters and the references to the experimental data are listed in table 3 for 
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the tensile stress case and table 4 for the compressive stress case. Each material's coefficient 

of determination R2 (Eq. (2)) was then calculated to check the simulation method’s accuracy: 

                                                                        R2 = 1 −
∑ (yi−fi)2

i

∑ (yi−y̅)2
i

                                                          (2) 

Here, 𝑦𝑖  and �̅� represent the experimental magnetic flux density for each material and its 

mean value, respectively. fi  represents the corresponding value predicted using the 

simulation method. An R2 value that is closer to 1 indicates a better fit to the data [87]. All 

coefficients of determination are listed in tables 3 and 4. Their values are all >0.9, confirming 

the simulation method’s high accuracy. 

Materials 
𝜆 

(ppm) 

𝛼 

(T) 

𝛽 

(m·A−1) 

𝛾 

(Pa−1) 

𝐻0 

(A·m−1) 

𝜂 

(A·m−1·Pa−1) 

𝜇 

(T·m·A−1) 

𝜅 

(T·m·A−1·Pa−1) 
R2 Ref. 

FeSi NO 3.6 1.3 0.0026 9.5×10−7 - - 10−5 −3.6×10−14 0.97 [75] 

Metglas 
2605SA1 

41 1.4 0.006 7×10−7 - - 8×10−5 2.5×10−14 0.97 [82] 

A Galfenol 250 1.8 2.9×10−4 5.9×10−9 1×104 −1.7×10−4 - - 0.99 [73] 

HGO −0.35 1.7 0.041 −8.6×10−9 27.4 5.7×10−7 - - 0.99 [80] 

FeSi-90° 3 1.3 0.033 1.8×10−8 125 −2.1×10−6 - - 0.99 [77] 

FeSi-55° −17 1.1 0.05 −9.4×10−9 47 1.4×10−6 - - 0.99 [77] 

FeSi-0° −27 1.7 0.12 −1×10−8 - - - - 0.98 [77] 

Nickel −40 0.5 4.6×10−4 −1.6×10−8 - - - - 0.99 [78] 

AC 
CoFeSiB 

−0.11 0.7 0.01 −4.5×10−9 - - - - 0.96 [79] 

A CoFeSiB 0.095 0.6 0.015 3×10−7 - - - - 0.96 [79] 

FeCo-2V 25 2.4 0.004 5×10−7 - - - - 0.94 [75] 

Table 3 –Simulation parameters and their corresponding coefficients of determination for the tensile 
stress case. 

 

Materials 
𝜆 

(ppm) 

𝛼 

(T) 

𝛽            

(m·A−1) 

𝛾            

(Pa−1) 

𝐻0  

(A·m−1) 

𝜂         

(A·m−1·Pa−1) 

𝜇   

(T·m·A−1) 

𝜅         

(T·m·A−1·Pa−1) 
R2 Ref. 

AG 

Galfenol  
160 1.4 7.7×10−4 −1.4×10−9 936 −1.9×10−4 - - 0.99 [73] 

A Galfenol  240 1.6 4.5×10−4 −2.2×10−9 7876 −1.5×10−4 - - 0.98 [73] 

CGO 1 1.8 0.126 9.2×10−8 - 1.4×10−5 - - 0.99 [81] 

FeSi NO 3.6 1.4 2×10−3 1.6×10−8 - - 1.2×10−6 −5.73×10−13 0.99 [75] 

FeCo-2V 25 2.3 3.4×10−3 2.6×10−8 - - 3×10−5 −5.97×10−13 0.99 [75] 

Metglas 

2605SA1 
41 1.4 5.5×10−3 3.6×10−8 - - 8×10−5 2.652×10−14 0.99 [82] 

Terfenol-D 1400 0.9 6.5×10−5 2.5×10−8 - - - - 0.94 [74] 

Table 4 –Simulation parameters and their corresponding coefficients of determination for the 
compressive stress case. 
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IV – Evaluation of energy harvesting density 

This section presents estimates of the energy that is harvestable under different 

limitations. Anhysteretic curves at σ = 0 MPa and ±50 MPa were simulated using the 

numerical method. The theoretical converted energy was then calculated based on specific 

assumptions. To avoid significant discrepancies for CGO and Metglas 2605SA1, their stresses 

were limited to –10 MPa and ±30 MPa, respectively, corresponding to the ultimate stress 

levels tested for these materials in the literature. 

 

4.1 Ultimate energy density of the Ericsson cycle 

The thermodynamic Ericsson cycle is helpful when estimating the ultimate converted 

energy density [88][89]. An Ericsson cycle consists of two steps that are performed under 

constant stress and two other steps that are performed under a constant field [90][91]. As 

figure 5(a) shows, it is possible to reconstruct an Ericsson cycle from a pair of anhysteretic 

curves acquired at different stress levels. The constant stress steps follow the anhysteretic 

trajectories. The constant field steps represent vertical jumps from one anhysteretic curve to 

the other. The area enclosed by the resulting Ericsson cycle then represents the converted 

energy density. Beyond a threshold level in the high field range, the stress and no-stress 

anhysteretic curves merge, as depicted in figure 5(b). Application of larger fields will not 

modify the energy density beyond this level and the resulting Ericsson cycle area can be 

regarded as the material's ultimate energy density. 
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Figure 5 – (a) Ericsson cycle example and the associated converted energy density. (b) Ultimate 
energy density under a high magnetic field. 

 

The tested materials showed significant differences among their magnetic field 

responses. Additionally, the compressive and tensile stresses induced opposite effects. In 

the Terfenol-D case, the curves were not merging at 150 kA/m, which is the maximum 

magnetic field applied in the literature. With the exception of Terfenol-D, the magnetic field 

range studied in this work (15 kA/m under tensile stress and 150 kA/m under compression) 

is high enough to observe merging of the flux densities for the stress-free and stressed 

cases. Therefore, to reach reasonable levels and realize reliable comparisons, the ultimate 

energy density was estimated to be H = 15 kA/m for the tensile stress case and H = 150 kA/m 

for the compressive case. 

All simulated anhysteretic curves under compressive and tensile stress conditions and 

under low and high magnetic fields are compared in figure 6. Because the anhysteretic 

curves for most materials were approximately merged under low magnetic fields, all 

materials are first presented and compared as shown in figure 6(a) and (c) under low 

magnetic fields. Materials that do not exhibit merged flux densities under low magnetic 

excitation are presented in figure 6(b) and (d). Additionally, because this work is intended to 

establish the ultimate energy density at the material level, only the curves with the highest 
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energy densities for each material are shown to provide a clearer comparison. In the case of 

grain-oriented silicon steel characterized by highly anisotropic magnetic properties [92][93], 

the energy density is dependent on the magnetic field direction (where 0° is the rolling 

direction RD and 90° is the transverse direction TD), as expected, and the highest energy 

point (90°) was thus retained.  

 

 

Figure 6 – Simulated Ericsson cycles for all materials tested under both compressive and tensile 
stresses and within low and high magnetic field range. 

 

Then, all energy densities in the 0–15 kA/m range for σ = 50 MPa and those in the 0–150 

kA/m range for σ = −50 MPa were calculated and plotted versus the magnetostriction strain 

λ, with results as depicted in figure 7. For the materials for which the magnetization curves 

under ±50 MPa conditions were available from the literature, the energy density was 

derived from the experimental data directly. Within this magnetic field range, most Ericsson 

cycles were formed by merging the anhysteretic curves under high field conditions, meaning 
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that the ultimate energy density was obtained. The results show that materials with higher 

magnetostriction characteristics show higher energy densities. 

 

Figure 7 – Energy density vs. maximum magnetostrictive strain λ under conditions of (a) 0–15 kA/m 
and σ = 50 MPa, and (b) 0–150 kA/m and σ = −50 MPa.  

 

We then established the link between the material model parameters, the maximum 

magnetostrictive strain λ, and the energy density of the materials. For this purpose, 

correlations were proposed through linear fittings of the logarithmic quantities (see Eq. (3)), 

where x represents the simulation parameters and y is the energy density.  

                                                                       log10 y = 𝑎log10 x − 𝑏                                                   (3) 

The fitting coefficients a and b were determined using the Matlab® Curve Fitting Toolbox, 

employing the Nonlinear Least Squares Method and the True-Region algorithm. The 

coefficient of determination R2 were estimated for each correlation attempt at two magnetic 

field levels (with 1 kA/m representing the low field range, and 15–150 kA/m for the high 

field range). The results are summarized in table 5. The R2 for λ exceeded 0.9 for both the 

tensile and compressive cases, verifying the excellent quantitative correlation between the 

ultimate energy density and λ. The other parameters did not show any particular correlation. 

Negative values of R2 were observed in the absence of correlation (when the average of the 

squared residuals became greater than the variance). 
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Parameter 

Tensile stress 

0–15 kA/m 

Compressive stress 

0–150 kA/m 

a b R2 a b R2 

λ 0.73 1 0.93 0.68 0.52 0.9 

α 1.33 0.73 −0.1 −3.41 −1.15 0.07 

β −1.06 3.03 0.72 −0.71 1.35 0.86 

2αβ/π −0.81 2.52 0.43 −0.65 1.2 0.83 

γ 0.07 0.07 −0.17 −0.69 5 0.37 

Table 5 – Fitting coefficients for each simulation parameter with their corresponding coefficients of 
determination under high magnetic field conditions. 

 

High linear permeability leads to saturation within the low field range, regardless of the 

mechanical stress status. Therefore, the Ericsson cycle tended to enclose a smaller area 

within that range, which resulted in a lower energy density. Nonetheless, this conclusion is 

related to the material’s behavior only, it does not provide information about the 

magnetoelectric energy conversion associated with the structure itself including coils. This 

point is addressed in detail in section 4.3. In that case, 2αβ/π, which represents the small-

field permeability of the nonsaturated nonlinear phase under zero stress, influenced the 

energy density strongly. However, for the materials that showed stress-dependent shifting of 

their Rayleigh region boundaries (Galfenol and FeSi), the 2αβ/π parameter cannot be used 

to predict the magnetic behavior under stress precisely.  

Theoretically, through consideration of the reciprocity of the Villari effect and the 

magnetoelastic coefficient, good correlation was expected between the Ericsson cycle 

energy density and λ. Both parameters can be expressed using Maxwell's relationship: 

                                                                                𝜃 =
∂B

∂σ
=

∂λ

∂H
                                                            (4) 

In fact, λ and the converted energy are both integrated values of the same 

magnetoelastic coefficient. The total magnetostrictive strain λmax is given by: 

                                                        λmax = ∫
∂λ

∂H
dH

Hmax

0
= ∫

∂B

∂σ
dH

Hmax

0
                                          (5) 
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and thus the ultimate Ericsson cycle energy density Wmax can be obtained as the integral of 

this expression over the stress range considered: 

Wmax = ∫ ∫
∂B

∂σ
dHdσ

Hmax

0

σmax

σmin
                                                 (6) 

If the Villari coefficient is independent of σ, then the energy density becomes 

proportional to λ: 

Wmax = (σmax − σmin) ∫
∂B

∂σ
dHdσ

Hmax

0
= (σmax − σmin)λmax                    (7) 

Ultimately, the excellent correlation between λ and the Ericsson cycle energy density 

obtained within the high field range suggested that the magneto-mechanical coupling had a 

weak dependence on the mechanical stress σ.  

The ultimate energy density of each material shows its individual potential as a 

conversion medium for an energy harvester in the ideal case, in which the magnetic field is 

controlled continuously using an ideal amplifier and coil system.  

However, when the magnetic field is limited, the curves that form the Ericsson cycle do 

not merge, as shown in figure 5(a). In that case, the area that is enclosed by the anhysteretic 

curves is obviously dependent on the shapes of the curves. The energy densities at ±50 MPa 

and 1 kA/m were calculated and plotted vs. the magnetostrictive strain λ (figure 8). 

 

Figure 8 – Energy density characteristics for (a) tensile stress and (b) compressive stress under low 
magnetic field (1 kA/m) conditions. 
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Here, the low-magnetostriction materials show energy densities of the same order of 

magnitude or even larger than those of the highly magnetostrictive materials. The 

correlation between magnetostriction and the Ericsson cycle energy density is illustrated in 

figure 8. R2 was found to be always less than 0.6, indicating that the energy density was not 

correlated with λ. 

The Ericsson cycle is helpful in describing the ideal harvesting process and in estimating 

the maximum energy for specified magnetic field and stress levels. A system performing an 

ultimate Ericsson cycle could potentially be envisaged for higher power cases similar to 

electrical machines (kW range and beyond), but is not reasonable within the energy 

harvesting framework (far below 1 W). Therefore, it cannot provide information about the 

feasibility of electrical/magnetic interfaces and can only be used to perform basic 

comparisons between the materials. 

 

4.2 Investigation of the magnetoelastic coefficient 

In the case of active control of the current in a surrounding coil, it may be considered 

possible to enhance the harvested energy independently of the magnetic permeability. In 

this case, the energy density would be directly proportional to the magnetoelastic 

coefficient 𝜃 =
𝜕𝐵

𝜕𝜎
, which is a function of both the mechanical stress and the magnetic field. 

For comparison purposes, we propose to calculate the average magnetoelastic coefficient 

[94] between 0 MPa and 50 MPa and to investigate its dependence on the magnetic field in 

this section. The results for Galfenol and Terfenol-D are given in figure 9. To provide a more 

accurate estimate, a sum of the local magnetoelastic coefficients under different bias 
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magnetic fields of σb = 10, 20, 30, 40, and 50 MPa was calculated to estimate the average 

magnetoelastic coefficient over the mechanical stress levels: 

 
Δ𝐵

Δ𝜎
=

1

Δ𝜎
∫

𝜕𝐵

𝜕𝜎

𝜎𝑏+
1

2
Δ𝜎

𝜎𝑏−
1

2
Δ𝜎

 𝑑𝜎  

                                                                       =
𝑑𝜎

Δ𝜎
× Σ

∂B

∂σ
                                                                               (8) 

These predictions, which were realized with the aid of the model, were confirmed by the 

experimental results shown in figure 9. 

   

Figure 9 –Magnetoelastic coefficients derived from experimental and simulated anhysteretic curves 
for (a) Galfenol and (b) Terfenol-D. 

For materials like Galfenol, an optimal local magnetoelastic coefficient that is much 

higher than the average value can be obtained under a given bias field, as shown in figure 

9(a). Ideally, an energy harvester with A Galfenol should operate close to this optimal bias 

field (approximately 10 kA/m for σ = −50 MPa, as illustrated in figure 9(a)). Additionally, the 

structure should be optimized for an adapted ΔH that makes full use of the magnetoelastic 

coefficient application range to harvest as much energy as possible.  

In contrast to Galfenol, Terfenol-D (figure 9(b)) shows only a weak dependence on the 

bias field amplitude, particularly after a threshold value of 2×104 A/m.  

The magnetoelastic coefficients under ±50 MPa conditions were finally compared for all 

materials in Figures 10 and 11. The magnetoelastic coefficient’s signs are consistent with the 

occurrence of magnetostriction. 
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Figure 10 – Comparisons of magnetoelastic coefficients as obtained from the σ = 50 MPa simulated 
curves under (a) low magnetic fields and (b) high magnetic fields. 

 

Figure 11 – Comparisons of magnetoelastic coefficients as obtained from the σ = −50 MPa simulated 
curves under (a) low magnetic fields and (b) high magnetic fields. 

Under stress of 50 MPa (figure 10), most materials achieved optimal conversion under 

bias fields of less than 2 kA/m. Only nickel and Galfenol had higher optimal bias fields at 4 

kA/m and 6 kA/m, respectively.  

In figure 11(a), the magnetoelastic coefficient of CGO is one decade higher than the 

values for the other materials under compressive stress. However, because of the small 

magnetic field range, the energy density of CGO is limited to a low level, according to Eq. (6).  

At σ = −50 MPa, CGO, FeCo-2V, and FeSi NO demonstrated reasonable optimal bias fields 

of less than 1 kA/m (figure 11(a)). In figure 11(b), Galfenol and Terfenol-D showed optimal 

fields close to 10 kA/m. Realization of such high-bias fields sounds challenging. In practical 

energy harvesters, permanent magnets are used to provide the bias fields. A high bias 
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magnetic field would mean use of oversized permanent magnets, leading to oversized 

harvesters. Furthermore, permanent magnets are characterized by their low permeability. A 

large permanent magnet would also eventually include high series reluctance in the case of 

a harvester with a closed magnetic circuit, thus reducing the overall magnetostriction 

coupling effect.  

Note that for the energy harvesters described in [53], peak powers were obtained at 10 

kA/m for AG Galfenol and at 15 kA/m for A Galfenol under compressive stress. In [59], the 

maximum magnetoelastic coefficient value of Galfenol was reached at 19.53 mT/MPa. This 

value shows very good agreement with the model estimate (figure 11). In the Terfenol-D 

case, magnetic bias of 63.66 kA/m (800 Oe) was required in [95] to achieve the highest 

coupling level. For this material, the model predicts slight variations in the magnetoelastic 

coefficient (figure 11(b)); therefore, the optimal 60 kA/m could be reduced to 20 kA/m 

without having any significant impact. 

This investigation of the magnetoelastic coefficient provides a good indication for 

selection of the bias magnetic field required for a given material. However, some materials 

show a high magnetoelastic effect but a low energy harvesting capability, e.g., CGO. In that 

case, the coefficient value cannot provide a fair comparison between the materials because 

the effect of the stress levels has not been considered. 

4.3 Second limitation – Bias magnetic field and self-induced dynamic 

magnetic field 

In this section, the small cycle representing the practical energy harvesting process is 

presented. As a first investigation of the effect of the circuit, a linear load is taken into 

account, the harvested energy density and the magnetic optimum frequency were derived 

in the case of impedance matching. The linear load may mimic, as a first approximation, the 
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(potentially linearized) behavior of the electrical interface aiming at actually harvesting the 

energy (along with signal conditioning). 

In practice, the typical structure comprises a rod- or bar-shaped magnetostrictive 

material, to which permanent magnets apply a bias magnetic field, and a surrounding coil 

connected to a load (mostly resistive loads with impedance matching). In this case, the 

magnetic field variations are caused by reluctance variations and induced currents in the 

coils, which act as a secondary magnetic field source in addition to the permanent magnet. 

Furthermore, the variation in the stress level depends on the vibration sources and is usually 

of low dynamic value. Therefore, the magnetic performance undergoes a relatively small 

cycle, with structure-dependent magnetic field and stress variations that cannot be 

predicted or controlled precisely. To harvest the maximum energy density, the cycle must be 

positioned within an optimum bias magnetic field and under optimal mechanical pre-stress. 

In that case, to harvest additional energy, the bias magnetic field and the pre-stress effect on 

the energy density were investigated to have the optimum working conditions.  

 

Figure 12 – Illustration of the energy harvesting process and the converted energy density attained in 
practical situations [75]. 

 

These working conditions lead to elliptical cycles [36][54][96–98], consisting of a bias 

field, a pre-stress associated with a dynamic magnetic excitation ΔH, and a dynamic 

mechanical excitation Δσ, as depicted in figure 12.  
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The area of the small loop that represents the converted energy realized from the 

material during the actual process can be described using: 

W = −π
θ2σ0

2

μ
×

ω

ω0

1+(
ω

ω0
)

2                 (9) 

where the details of the required calculation are presented in the Appendix. When the 

device operates at its optimal frequency, the maximum converted energy yields: 

Wmax = −π
θ2σ2

2μ
                 (10) 

where the local magnetoelastic coefficient 𝜃 is 
𝜕𝐵

∂𝜎
 , and 𝜎 and 𝜇 represent the amplitudes of 

the dynamic mechanical stress and the permeability, respectively. Assuming that the 

harvester is connected to a load with resistance matching (i.e., Rload = Rcoil), the harvested 

energy on the load is half of the total energy converted from the material. This harvested 

energy, denoted by Wload, is given by the following equation: 

W = −
π

2

θ2σ0
2

μ
×

ω

ω0

1+(
ω

ω0
)

2                 (11) 

In [35], Zucca et al. used an Fe78B13Si9 ribbon under a peak dynamic load of 2.3 MPa and 

pre-stress of 2.2 MPa. The measured harvested energy density on the load was 1 µJ/cm3 at 

300 Hz. Using Eq. (11), the theoretical harvested energy was determined to be 0.9 µJ/cm3. In 

[54], Zucca et al. used a Terfenol-D rod with a dynamic load of 2.75 MPa and a pre-load 

stress peak of 4.55 MPa at 300 Hz. The harvested power on the load was approximately 80 

mW and the harvested power estimated using Eq. (11) was 75 mW. In [53], Davino et al. 

used a Galfenol rod with a peak dynamic load of 15 MPa, preload stress of 16 MPa at 0.35 

Hz, and Rload and Rcoil values of 1 kΩ each. In that case, the harvested energy on the load was 

4 µJ/cm3, while the estimated value was 3.7 µJ/cm3. These results show that the model can 

predict the harvested energy very well when the harvester is loaded with a resistance, with 
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only very small discrepancies that can be attributed to simplifying assumptions, e.g., 

negligible inductive effects. Therefore, the model and the associated energy density 

expression can be regarded as a reliable tool for estimation of the energy harvesting 

capability of the materials.   

Additionally, Eq. (10) shows that the theoretical maximum power that can be harvested is 

not dependent on the mechanical structure, and is only dependent on the stress and 

magnetic field variations at the optimal frequency and the properties of the 

magnetostrictive material itself. This conclusion is in accordance with the conclusions in the 

literature [99].  

From another perspective, the optimal frequency described in this section is defined 

using Eq. (12), which is derived in detail in the appendix: 

ω0 =
lms(Rcoil+Rload)

μSN2       (12) 

where S and N represent the cross-section and the number of turns of the coil, and Ims 

represents the length of the sample. ω0 is neither the mechanical nor the electrical natural 

frequency, but is an optimal frequency derived from the magnetic point of view. Based on 

the description of Eq. (12), the frequency is dependent on the coil structure and the smart 

material’s permeability µ. In that case, a material with low permeability, e.g., Terfenol-D, 

would induce a higher ω0 and a smaller coil would thus be required, while high magnetic 

permeability materials will make the structural design easier. 

It should be noted that the negative impact of a high permeability may be regarded as a 

solely influence of the magnetoelectric energy conversion, where the dynamic magnetic 

field results from induced currents in the coil. In the proposed linearized model, the stress 

effect is a shifting of the BH curve. The energy will be the highest when both induction field 

and magnetic field are maximized. As the stress primarily acts on the induction field, the 
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excitation field will become the highest for lower permeability, inducing larger converted 

energy eventually.  

4.4 Figure of merit for the self-induced magnetic field 

The previous comparisons did not consider the bias mechanical excitation. As a final 

comparison to investigate the bias condition further, the ratio of the square of the 

magnetoelastic coefficient to the dynamic permeability 
θ2

μ
 was estimated using the 

developed model (Eq. (10)). The figures of merit of Terfenol-D and A Galfenol and the typical 

performances of the low magnetostriction materials are presented in figure 13 using a step 

size of 1 MPa.  

 

 

Figure 13 – Figure of merit 
θ2

μ
 for (a) FeSi 90°, (b) Metglas 2605SA1, (c) Terfenol-D, and (d) A Galfenol 

as a function of the bias mechanical stress and the bias magnetic field. 
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The results confirmed that the energy harvesting performance of Terfenol-D is not 

sensitive to the stress level or the magnetic field at low levels, and that higher magnetic 

fields and stress levels always provide a higher harvesting capability. In contrast, in the 

Galfenol case, the performance is highly sensitive to the bias condition, as shown in figure 

13(b). Detailed information about the materials in the low and high magnetic field ranges is 

given in the next section. 

 

V – Discussion 

To provide a comprehensive and clear comparison of the different methods and 

conditions, the results estimated using the Ericsson cycle, 
Δ𝐵

Δ𝜎
, and (

∂𝐵

∂𝜎
)

2

/𝜇 are given under 

low and high magnetic fields in tables 6, 7 and 8. 

Material 
Compressive Tensile 

0–1 kA/m 0–150 kA/m 0–1 kA/m 0–15 kA/m 

Terfenol-D 16 57185 - - 

AG Galfenol 226 10663 - - 

A Galfenol 12 9558 177 478 

FeCo-2V 985 4223 557 1125 

Metglas 2605SA1 517 1204 254 478 

FeSi NO 330 1066 208 316 

CGO 267 267 - - 

Nickel - - 43 2200 

FeSi-90° - - 106 106 

HGO - - 42.3 42.3 

AC CoFeSiB - - 19 19 

A CoFeSiB - - 29 29 

Table 6. Energy density harvested (µJ/cm3) with the Ericsson cycle under different magnetic field 
ranges and stress levels. The bold values indicate the best performance for each material under tensile or 

compressive stresses. 
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Material 
Compressive Tensile 

0–1 kA/m 1–150 kA/m 0–1 kA/m 1–15 kA/m 

Terfenol-D 0.7 (1 kA/m) 10 (45 kA/m) - - 

AG Galfenol 10 (1 kA/m) 20 (6 kA/m) - - 

A Galfenol 0.5 (1 kA/m) 20 (11.5 kA/m) 6 (1 kA/m) 20 (6 kA/m) 

FeCo-2V 25 (750 A/m) 24 (1 kA/m) 10 (150 A/m) 4 (1 kA/m) 

Metglas 2605SA1 20 (400 A/m) 16 (1 kA/m) 10 (119 A/m) - 

FeSi NO 8.6 (750 A/m) 8.4 (1 kA/m) 5.6 (275 A/m) 3 (1 kA/m) 

CGO 150 (60 A/m) 2 (1 kA/m) - - 

Nickel - - 2 (1 kA/m) 4 (4.4 kA/m) 

FeSi-90° - - 18 (70 A/m) - 

HGO - - 10 (48 A/m) - 

AC CoFeSiB - - 1 (100 A/m) - 

A CoFeSiB - - 2.8 (48 A/m) - 

Table 7. Highest magnetoelastic coefficient (mT/MPa) values of the different materials under 
different magnetic field ranges and stress levels with a stress variation of 50 MPa. The corresponding bias 
magnetic field is given in brackets and the bold values represent the best performance for each material 

under tensile or compressive stresses. 

 

 Compressive Tensile 

Material 0–1 kA/m 1–150 kA/m 0–1 kA/m 1–15 kA/m 

Terfenol-D 
0.03 

(−14 MPa, 1 kA/m) 
87.5 

(−50 MPa, 150 kA/m) 
- - 

AG Galfenol 
5 

(−2 MPa, 1 kA/m) 
12.8 

(−50 MPa, 10 kA/m) 
- - 

A Galfenol 
0.04 

(0 MPa, 1 kA/m) 

5.3 

(−50 MPa, 15 kA/m)  

0.4 

(48 MPa, 0.6 kA/m) 

4.9 

(19 MPa, 7.13 kA/m)  

FeCo-2V 
1.3 

(−40 MPa, 1 kA/m) 

3.3 

(−50 MPa, 3.35 kA/m) 

2.4 

(0 MPa, 780 A/m) 

2.4 

(0 MPa, 1.4 kA/m) 

Metglas 2605SA1 
1.6 

(−30 MPa, 1 kA/m) 

2.0 

(−30 MPa, 1.7 kA/m) 

1 

(0 MPa, 390 A/m)  

0.5 

(0 MPa, 1 kA/m) 

FeSi NO 
0.2 

(−50 MPa, 1 kA/m) 

0.4 

(−50 MPa, 2.2 kA/m) 

0.4 

(0 MPa, 160 A/m) 

0.006 

(0 MPa, 1 kA/m) 

CGO 
8.7 

(−2 MPa, 0.04 kA/m) 
0.9 

(−10 MPa, 1 kA/m)  
- - 

Nickel - - 
0.04 

(26 MPa, 1 kA/m) 
1.3 

(50 MPa, 25 kA/m) 

FeSi-90° - - 
0.08 

(37 MPa, 51 A/m) 
- 

HGO - - 
0.009 

(50 MPa, 96 A/m)  
- 

AC CoFeSiB - - 
0.002 

(50 MPa, 300 A/m) 
- 

A CoFeSiB - - 
2.6 

(0 MPa, 300 A/m) 
- 

Table 8. Highest (
∂𝐵

∂𝜎
)

2

/𝜇 (10−12 Pa−1) values of the different materials under different magnetic 

field ranges and stress levels with a stress variation of 1 MPa. The corresponding bias magnetic field is 
given in brackets and the bold values represent the best performance for each material under tensile or 

compressive stresses. 
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Table 6 indicates that in the ideal case when there is no magnetic field limitation, the 

materials with the highest magnetostriction, e.g., Terfenol-D and Galfenol, do have the 

highest energy densities. Under low magnetic fields, the order may be reversed. In addition 

to these two materials, the best material option may be FeCo-2V.  

The magnetoelastic coefficients obtained with a higher stress level variation are given in 

table 7; this table provided more information about the optimum magnetic field. In the 

cases of nickel and FeCo-2V, their ultimate Ericsson cycles showed energy densities of the 

same order of magnitude, as indicated in table 6. Although the magnetoelastic coefficient of 

FeCo-2V shows an obvious peak (e.g., when compared with Nickel) as depicted in figure 

10(b) that demonstrates the necessity of magnetic field optimization, the optimum magnetic 

field is presented in table 7. This table also shows that for materials such as FeCo-2V and 

Metglas 2605SA1, a higher magnetic field does not actually mean a higher magnetoelastic 

coefficient.  

However, in realistic devices, the dynamic magnetic field results from induction in coils, 

and the energy density is dependent on the magnetic permeability. To investigate the effects 

of the bias mechanical excitation, the bias magnetic field, and the self-induced dynamic 

magnetic field, the (∂𝐵

∂𝜎
)

2

/𝜇 coefficient values are presented in table 8. The optimum bias 

condition is given in each case. Interestingly, the giant magnetostrictive materials showed 

the highest values, because of their relatively small permeability values, as shown in table 7. 

The resulting energy density may be estimated, for example, by considering a dynamic stress 

level of 1 MPa, which leads to energy densities in the hundreds of µJ/cm3 range for Terfenol-

D, and tens of µJ/cm3 range for Fe-Co and Metglas 2605SA1. 
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VI – Conclusion 

This study compared ferromagnetic materials with low and high magnetostrictive 

characteristics for use in energy harvesting applications by considering them independently 

from any structural aspects and without considering air gap-induced reluctance changes. 

Correlations were established between energy density and magnetic indicators under 

various conditions. An anhysteretic model was developed to unify the operating conditions 

(stress, magnetic field), thus allowing fair comparison of the studied materials. The 

conclusions based on the different conditions and different methods are drawn as follows: 

1. The ultimate energy density and the energy density in the low magnetic field range 

(0–1 kA/m) were estimated using Ericsson cycles. The results show good correlation 

between the magnetostriction and ultimate energy density properties. Under −50 

MPa stress, Terfenol-D shows an ultimate energy density of approximately 60 

mJ/cm3, one decade greater than the other materials, but it requires a high field bias. 

In the low magnetic field range, FeCo-2V and Metglas 2605SA1 showed the highest 

energy densities of 985 µJ/cm3 and 515 µJ/cm3, respectively. Under 50 MPa stress, an 

energy density of 0.02–0.6 mJ/cm3 was achieved for all materials in the low field 

range (1 kA/m). FeCo-2V achieved the highest value with more than 0.56 mJ/cm3, 

while the highest energy density was achieved by nickel with 2.2 mJ/cm3 at 15 kA/m. 

Iron-silicon alloys and CoFeSiB showed energy densities of the same order of 

magnitude (≈0.01–0.1 mJ/cm3) for both low and high magnetic fields. 

2. Assessment of the magnetoelastic coefficient demonstrated that materials with high 

magnetostriction no longer give the highest values under all conditions. Figures 10 

and 11 showed the different performances of each material. In these figures, 

Terfenol-D showed a relatively small magnetoelastic coefficient (10 mT/MPa) under 
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an optimal bias field of 45 kA/m, particularly when compared with that of FeCo-2V. 

However, Terfenol-D reached a stable state above 20 kA/m, which means that 

harvesters featuring this material would not be sensitive to the magnetic field bias. In 

contrast, Galfenol is highly sensitive to the bias condition. In that case, the bias 

magnetic field must be controlled precisely in accordance with the stress level. Table 

7, which gives the optimum bias magnetic fields, provides more detailed information 

for selection of the magnetic field bias. 

3. Under realistic conditions in a compact device, magnets provide the magnetic bias 

excitation. An additional dynamic magnetic field contribution results from induced 

currents in surrounding coils by application of the dynamic stress. In this case, the 

harvesting process results in a small loop around the bias magnetic field and the 

stress level. The energy density can then be estimated directly using the figure of 

merit (∂𝐵

∂𝜎
)

2

/𝜇. This comparison shows that Terfenol-D gives the highest value of 

87.5×10−12 Pa−1 under −50 MPa stress at 150 kA/m, while Galfenol gives the second 

highest value of 12.8×10−12 Pa−1, also under −50 MPa stress, but with a much lower 

bias magnetic field of 10 kA/m. Apart from Terfenol-D and Galfenol, FeCo-2V and 

Metglas 2605SA1 show the highest harvesting capabilities with values of 3.3×10−12 

Pa−1 and 2×10−12 Pa−1 with a bias magnetic field of less than 5 kA/m. 

In summary, highly magnetostrictive materials such as Terfenol-D and Galfenol are used 

widely in energy harvesting. However, their cost and requirements for high bias fields raise 

questions over their implementation. Conversely, under low fields, materials with lower 

magnetostriction are just as competitive and much more cost-effective. However, because 

some of the materials under consideration have not been widely studied in the energy 

harvesting domain, there is a lack of information and relevant studies in the literature. 
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Therefore, the different methods devised in this study were verified using the few studies 

available, but systematically produced consistent results.  

For the future investigation of the energy harvesting, this article could give a guidance for 

estimation of the energy density of an energy harvester with electrical circuit for actually 

harvesting the energy along with signal conditioning, potentially including nonlinear 

interfaces. With a fully developed structure, the stress-strain (T(S)) loop could also be a 

helpful tool for providing insights through a precise assessment of the levels of mechanical 

energy required for performing the energy harvesting process. 
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Appendix. Calculation of energy density for self-induced magnetic fields 

To convert mechanical energy into magnetic energy, it is necessary to have variations in 

both flux density B and magnetic field H. For the small-scale devices described in the 

literature, a permanent magnet applies the bias magnetic field. A coil surrounding the 

magnetostrictive material is subjected to an induced current that results from mechanical 

stress application. The coil may be connected to a resistive load, ensuring that the induced 

current is in phase with the electromotive force, and shifted by 90° with respect to B, 

resulting in an elliptical BH loop. 
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In the following calculation, it is assumed that the harvesting coil is connected to a load 

resistance and that the reluctance of all materials other than the magnetostrictive magnetic 

materials was neglected. For a closed magnetic circuit with a coil winding around the 

magnetostrictive material, we obtain:  

Hmslms = NmI0m − NI                 (13) 

Hms and lms represent the magnetic field and the magnetostrictive sample length, and NmI0m 

and NI represent the magnetomotive force (mmf) of the magnet and that of the coil, 

respectively, where N is the number of turns of the coil and I is the current. The mmf of the 

magnet is given by:  

NmI0m = Mmem    (14)  

where 𝑀𝑚 and 𝑒𝑚 are the magnetizing force and the thickness of the magnet, respectively. 

The magnetic behavior of the magnetostrictive material was then linearized in terms of both 

the magnetic field and the mechanical stress: 

     Bms = μHms + θσ                (15) 

where θ =
∂𝐵

∂𝜎
 and 𝜎  represents the magnetoelastic coefficient, which depends on the 

magnetic field and the mechanical stress; Bms and µ represent the local linearized magnetic 

flux density and the permeability, respectively. The equivalent circuit schematic of the coil is 

shown in figure 14. 

 

Figure 14 – Equivalent circuit schematic of the coil around the magnetostrictive sample. 

In the electrical circuit, we obtain: 
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U(t) = (Rcoil + Rload + jLcoilω) × i(t) = N
dϕ

dt
               (16) 

where ϕ is the magnetic flux. By combining B =
ϕ

𝑆
  with Eqs. (14), (15), and (16), Eq. (13) 

becomes: 

ϕ

𝑆
−θσ

μ
lms = Mmem −

N2dϕ

dt

Rcoil+Rload+jLcoilω
                (17) 

where S is the cross-section of the magnetostrictive material. We assumed only small 

variations around a bias value for the following variables: 

σ = σ0ejωt 

ϕ = ϕ0 + ϕdynejωt 

B(t) = B0 + Bdynejωt 

H(t) = H0 + Hdynejωt 

Using Eq. (17), and by considering the varying terms with ejωt only, we obtain: 

ϕdynejωt

𝑆
−θσ0ejωt

μ
lms = −

N2

Rcoil+Rload+jLcoilω
jωϕdynejωt          (18) 

Equation (18) can then be simplified as: 

ϕdyn × (1 +
jωμS

lms

N2

Rcoil+Rload+jLcoilω
) = θσ0S                           (19) 

With B =
ϕ

S
, and using Eq. (15), we can derive the variations in the magnetic flux density B 

and the magnetic field H as follows: 

Bdyn =
θσ0

1+jω
μS

lms
×

N2

Rcoil+Rload+jLcoilω

                                         (20) 

Hdyn =
1

μ
(Bdyn − θσ0) =

θσ0

μ
(

1

1+jω
μS

lms
×

N2

Rcoil+Rload+jLcoilω

− 1)          (21) 

Therefore, the converted power and its average value can be presented as follows: 

P(t) = H(t)
dB(t)

dt
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 < P(t) >=
1

2
Re{Hdynejωtjω𝐵𝑑𝑦𝑛ejωt̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ } =

ω

2
Re{−jHdyn𝐵𝑑𝑦𝑛

̅̅ ̅̅ ̅̅ }                        (22) 

Using Eq. (22), the energy of a small cycle can be derived as: 

  W = T ×< P(t) >=
2π

ω
×

ω

2
Re{−jHdyn𝐵𝑑𝑦𝑛

̅̅ ̅̅ ̅̅ } = πRe{−jHdyn𝐵𝑑𝑦𝑛
̅̅ ̅̅ ̅̅ }            (23) 

Under the assumption that Lω ≪ Rcoil, and the reference angular velocity defined in Eq. 

(12) as:  

ω0 =
lms(Rcoil+Rload)

μSN2                  (12) 

the variations in the magnetic flux density and the magnetic field can be simplified from Eqs. 

(20) and (21) as follows: 

     Bdyn = θσ0
1

1+j
ω

ω0

                 (24) 

Bdyn
̅̅ ̅̅ ̅̅ = θσ0

1+j
ω

ω0

1+(
ω

ω0
)

2                 (25) 

Hdyn =
𝜃𝜎𝑜

𝜇
(

1

1+𝑗
𝜔

𝜔𝑜

− 1) (26) 

Therefore, using Eqs. (25) and (26), Eq. (23) can be simplified as shown in Eq. (9): 

W = −π
θ2σ0

2

μ
×

ω

ω0

1+(
ω

ω0
)

2                 (9) 

Using Eq. (9), the maximum energy can be determined when 
ω

ω0
= 1, and the maximum 

energy is: 

Wmax = −π
θ2σ2

2μ
    (10) 
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