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Abstract
Wireless power transfer (WPT) has received increasing attention primarily as a means of
recharging batteries in the last few decades. More recently, magnetoelectric (ME) structures
have been investigated as alternative receiving antennas in WPT systems. ME structures can be
particularly useful for small scale devices since their optimal size is much smaller than
traditional receiving coils for a given operating frequency. WPT systems using ME laminate
receivers have been shown to be helpful in wirelessly powering various sensors and biomedical
implants. In recent years, a large number of studies have been conducted to improve the
performance of ME composites, in which various configurations have been proposed, along
with the use of different magnetostrictive and piezoelectric materials. In addition, many efforts
have been devoted to miniaturizing ME devices. An essential obstacle to overcome is to
eliminate the need for a DC bias field that is commonly required for the operation of ME
structures. In this review paper, we will discuss the basic principle of ME effects in composites,
materials currently in use, various ME receiver structures, performance measures, limitations,
challenges, and future perspectives for the field of WPT. Furthermore, we propose a power
figure of merit which we use to compare recent ME WPT research papers.

Keywords: magnetoelectric effect, magnetostrictive/piezoelectric composites,
wireless power transfer, biomedical implants

(Some figures may appear in colour only in the online journal)

1. Introduction

Wireless power transfer (WPT) has become a significant
research topic over the past decade owing to its extensive
application in powering or recharging wireless devices. Lately,
WPT has increasingly been used for biomedical implants
where it is used to transmit energy from an external source

∗
Author to whom any correspondence should be addressed.

outside of the body to an implant inside the body [1]. Research-
ers have taken three main approaches for biomedical WPT:
radio frequency (RF) power transfer, acoustic power transfer,
and inductive power transfer (IPT). In RF WPT, power can be
transferred using a set of transmitting and receiving antennas
operating in far-field ranges [2]. Although RF WPT has been
convincingly used for biomedical implants [3, 4], there are
safety concerns at high power densities resulting from tissue
heating. At the high frequencies at which RF WPT operates,
energy absorption in human tissue is high, which both reduces
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efficiency and results in tissue heating [5, 6]. Acoustic WPT
systems transfer power by propagating energy as sound or
vibration waves. The propagating energy is collected by a
receiver which converts the vibration energy to useful elec-
trical energy [7]. Acoustic WPT works well through soft tis-
sue in systems where the acoustic power transmitter can be in
intimate contact with the skin. However, it suffers from a large
amount of energy reflection when passing from air to soft tis-
sue and from soft tissue to bone [8]. IPT is the most common
method of high power WPT. Power can be transferred over
short distances (near-field transfer) by means of inductively
coupled coils. However, for very small implants, IPT becomes
very inefficient because the small receiving coil size drives
up the optimal operating frequency with the attendant higher
energy absorption in tissue. This frequency-size tradeoff has
led researchers to investigate alternative materials and struc-
tures for WPT using magnetic fields. Magnetoelectric (ME)
devices convert an applied magnetic field to a generated elec-
tric field through strain-mediated coupling. As the resonance
frequency of ME structures is a function of the mechanical (or
acoustic) oscillation, for a given size, the optimal operating
frequency for ME antennas is much lower than for an induct-
ive coil receiver. Thus, there exists the potential for signific-
antly higher power densities at the ME receiver, especially for
small devices. Typical ME WPT systems consist of a trans-
mitting coil and a ME receiver [9]. The goal of this paper is to
review the use of ME structures as receivers in WPT systems.
For a more general review of ME structures and applications,
we refer the reader to Palneedi et al [10]. In this article, we
will restrict ourselves specifically to the application of WPT.

ME materials couple the magnetic and electric properties
of the material. Although single phase ME materials exist
[11], the best performance has been achieved using compos-
ites of magnetostrictive (MS) and piezoelectric materials [10].
Field-induced magnetostriction occurs when strain is induced
in a ferromagnetic (FM) material by an applied magnetic field
[12].Magnetostriction appears as a result of magnetic domains
(which may be randomly aligned) aligning with the applied
magnetic field and domain walls shifting [13]. The MS coef-
ficient (λ) is defined as the strain resulting from the applied
magnetic field:

λ= dl/l (1)

where l is the specimen length.
Figure 1 shows a typical curve of the MS coefficient as a

function of appliedmagnetic field. Once themagnetic domains
are fully aligned with the applied field, the MS coefficient sat-
urates at a value of λs. Most FM materials are weakly mag-
netostrictive, however some alloys can exhibit a much larger
MS coefficient (see section 2). (Note, some authors use the
term ‘magnetostriction’ to refer to the saturation value of the
MS coefficient, λS, while others use the term to refer to the
MS coefficient, λ. We will use ‘magnetostrictive coefficient’
to refer to λ and ‘saturation magnetostriction’ to refer to λS.)

A ME composite couples the magnetic and electric prop-
erties of the constituent materials. This process is illustrated

Figure 1. MS coefficient vs applied magnetic field.

in figure 2. The MS phase develops a strain in response to
an applied magnetic field (H) as a result of the MS effect.
This strain is mechanically transferred to the piezoelectric
material through an interface layer, which then produces a
transverse dielectric polarization through the 3–1 mode piezo-
electric effect [14]. Although the ME effect exists in some
single-phase materials (i.e. CO2O3), it is more than two
orders of magnitude larger in composites than in single-phase
materials [15].

In section 2 of this paper, we discuss materials used for ME
composites along with the important material parameters for
MEWPT. We explain different ME structures that are utilized
in the field of WPT in section 3. ManyME transducers require
a DC magnetic field bias for their operation (see section 4),
which can limit possible applications. Therefore, we next dis-
cuss approaches to overcome the need for an external magnetic
field bias (i.e. self-biasing approaches) in section 5. We also
develop a power figure of merit (FOMP) for ME WPT receiv-
ers and compare devices from the literature using this figure
of merit in section 6. Finally, we identify some specific areas
in which more research is needed to improve the performance
of ME structures in section 7.

2. Materials

ME materials exhibit magnetic field induced electrical polar-
ization and electric field induced magnetization. ME devices
can be made in single-phase, particulate composites, thin-film
based composites, or bulk material laminated composites [16].
At room temperature, most single-phase materials have either
low permittivity or low permeability and thus exhibit poor
ME coupling. The archetype of single-phase ME compounds,
BiFeO3 for instance, shows strong ferroelectricity but poor FM
properties above room temperature [10].

ME composites are made of combinations of highly MS
materials and piezoelectric materials. The strength of the
ME coupling in the composites depends on the properties
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Figure 2. Schematic illustration of strain-mediated ME effect in a composite system consisting of a magnetic layer (blue) and a
piezoelectric layer (yellow). Reproduced from [14], with permission from Springer Nature.

Figure 3. Phase connectivity of ME composites. (a)–(c) A 0–3
connectivity, (d)–(f) 1–3 connectivity, (g)–(i) 2–2 connectivity.
Reproduced from [10]. CC BY 4.0.

of both the piezoelectric and MS materials, the manufac-
turing process, the interfacial coupling, and the phase con-
nectivity (i.e. the connectivity of the magnetic-piezoelectric
phases described by 0–3, 1–3, and 2–2, respectively). Refer-
ring to figure 3, in the 0–3 particle-matrix composites, mag-
netic particles are embedded in the piezoelectric matrix. A 1–3
cylinder-matrix composites are formed by embedding mag-
netic fibers/rods/tubes/wires in the piezoelectric matrix. The
particles (in the 0–3 composite) and fibers (in the 1–3 compos-
ite) can be either randomly dispersed or periodically aligned.
A 2–2 laminate composite consists of alternating magnetic
and piezoelectric layers. Such laminates can be fabricated
in different shapes and geometries, including discs, squares,
rectangles, and rings, with various dimensions. They can be
arranged as bilayered and multilayered structures [10].

Several ME composites have attracted extensive attention
in recent years. Since the introduction of the 2–2 layered struc-
ture by Ryu et al [17], significant progress has been made.

Findings have shown that the 2–2 laminate bimorph compos-
ites have a higher ME response and are comparatively simpler
to manufacture than 0–3 or 1–3 composites [18]. Moreover,
because the piezoelectric and magnetic phases are spatially
isolated, these composites can be electrically and/or magnetic-
ally poled to a higher degree, thus providing higher ME coup-
ling within the layered composite system [19]. In this article,
we describe mostly 2–2 composite laminated ME devices for
converting wirelessly transmitted magnetic energy due to their
higher performance and relative maturity [10].

Truong and Roundy developed an analytical model to
describe WPT to a ME 2–2 laminate [8]. A 2–2 laminate
can operate in four different modes: longitudinally magnet-
ized and longitudinally poled (L–L), transversely magnet-
ized and transversely poled (T–T), transversely magnetized
and longitudinally poled (T–L), longitudinallymagnetized and
transversely poled (L–T) [20]. These modes are depicted in
figure 4 along with standard axis definitions. The L–T mode
is the most common due to the combination of high magnetic-
electrical coupling and ease ofmanufacture, and themode ana-
lyzed by Truong and Roundy. However, the general insights
from their model are broadly applicable to any of the four
configurations.

The experimentally validated model from Truong and
Roundy identifies two key material parameters that govern the
electrical power generation of the ME laminate receiver: the
electromechanical transduction factor (Γp) for the piezoelec-
tric layer, and the magneto-elastic transduction factor (Γm) for
the MS layer(s):

Γp =−w
d31,p
sE11

(2)

Γm = 2wtm
d33,m
sH33

(3)

where sE11 and s
H
33 are the elastic compliance of the piezoelec-

tric layer at constant electric field and the elastic compliance
of the MS layer(s) at constant magnetic field, w is the width of
laminate (assumed to be the same for all layers), tm is the thick-
ness of a MS layer, d31,p is the transverse piezoelectric strain
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Figure 4. Four 2–2 composite laminate configurations. Dark gray indicates MS material, light gray indicates piezoelectric material.
Coordinate frames indicated for MS and piezoelectric materials for the L–T mode.

Table 1. Common MS materials and alloys and relevant material constants.

MS materials µr sH33, m
2 N−1 d33,m, m A−1 FOMMS, N A−1m−1 References

Nickel 100–600 4.9× 10−12 1.25× 10−9 255 [16]
Terfenol-D 6 40× 10−12 1.2× 10−8 300 [23]
Galfenol 100 2.5× 10−11 7.77× 10−9 311 [8]
Metglas 40000 40× 10−12 5.03× 10−8 1258 [16]

Note: d33,m values are all non-resonant.

Table 2. Common piezoelectric materials and relevant material constants.

Piezoelectric materials εT33/ε0 sE11, m
2 N−1 d31,p, pCN−1 FOMPE, C m−2 References

PZT 5 2300 14.8× 10−12 −310 −20.9 [23]
PZT 4 1350 12.2× 10−12 −123 −10.1 [16]
PMN–PT 2134 69× 10−12 −1330 −16.4 [23]
AlN 10.5 2.85× 10−12 −1.73 −0.61 [16]
PVDF 8–10 1.75× 10−10 22 0.125 [24]

constant, and d33,m is the longitudinal piezomagnetic constant.
For a further description of the material orientations and res-
ulting subscripts in these equations we refer the reader to [8].

Neglecting the geometric terms in equations (2) and (3) in
order to focus on material properties, the important piezoelec-
tric material figure of merit is d31,p/sE11. The piezoelectric d
coefficient is the ratio of the mechanical strain developed in
response to an applied electric field. Common piezoelectric
materials with high d coefficients are shown in table 1. The
ideal piezoelectric material has a high d coefficient and is stiff
(i.e. low sE11). As in the case of the piezoelectric material, the
ideal MS material is also stiff (i.e. low sH33). The piezomag-
netic constant d33,m is determined by the slope of the magneto-
striction curve (dλ/dHDC) [21] (see figure 1). It represents the
change in strain due to the change in applied magnetic field.
As is clear in figure 1, d33,m is strongly dependent on the bias
level of the magnetic field. Highly MS materials are generally
alloys of rare earth metals with transition metals [12].

Various studies have utilized the ME coefficient
(αME = V/(tpHac)) as a figure of merit forME structures. Here,
Hac is an AC applied magnetic field usually superimposed on
a DC bias field to achieve a high piezomagnetic constant. The
ME coefficient is also dependent on d31,p and d33,m [21]. How-
ever, maximizing αME is not always equivalent to maximizing
the power generation capability of the piezoelectric laminate.
For a more in-depth treatment of the relationship between the
ME coefficient power conversion, we refer the reader to [8].
For the purposes of this paper we focus on the electromechan-
ical (Γp) and magneto-elastic (Γm) transduction factors which
relate more directly to power generation capability.

Tables 1 and 2 show several common MS and piezoelec-
tric materials along with relevant material properties. Relat-
ive magnetic permeability, µr, (for MS materials) and relative
electrical permittivity at constant stress, εT33/ε0, (for piezoelec-
tric materials) are shown in addition to the mechanical com-
pliance, d constants, and material figures of merit (FOMMS

and FOMPE for MS and piezoelectric materials respect-
ively). Commonly used MS materials for laminated com-
posites include Terfenol-D (TbxDy1−xFe2), Galfenol (FeGa),
nickel (Ni), Metglas (FeSiB). (Note, Metglas is a com-
mon trade name for a range FeSiB alloys, only some of
which exhibit strong magnetostriction.) Samfenol (SmFe2)
and FeNi alloy have also been used [22], however, complete
material properties are not available in the literature. Com-
monly used high performance (i.e. high d31,p/sE11) piezoelec-
tric materials include various formulations of lead zircon-
ate titanate PZT (Pb[ZrxTi1−x]O3), and single crystal PMN–
PT (Pb (Mg1/3Nb2/3)O3–PbTiO3). We also include aluminum
nitride (AlN) which has become more common as a thin
film piezoelectric transducer material. Finally, we include
polyvinylidene fluoride (PVDF) (–(C2H2F2)n–), a piezoelec-
tric polymer, due to its high mechanical toughness and low
cost. The material properties shown are those that are espe-
cially relevant for a 2–2 laminate in the L–T mode. We have
focused on bulkmaterials rather than thin filmswith the excep-
tion of AlN. Tables 1 and 2 should not be seen as compre-
hensive in any way, and are only intended to provide a small
sampling of the most commonly used materials for ME WPT.
Comparing the material figures of merit, one can quickly see
that Metglas and PZT or PMN–PT would provide the highest
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material figures of merit. We note that a significant range of
material properties exists for various formulations of PZT and
those shown in table 2 are just two examples. As a final note,
Terfenol-D and Galfenol have higher saturation magnetostric-
tion than Metglas, but lower piezomagnetic constants which
is the important parameter for both WPT and a high ME
coefficient.

3. Device approaches

Researchers have taken various structural approaches to
develop ME devices for WPT. These attempts can be cat-
egorized into three main categories as follows: (a) bending
structures with masses (sometimes magnetic) placed on a tip
of a ME laminated composite cantilever beam, here referred
to as the ME–MME configuration. (MME is an acronym for
mechano-magneto-electric [8]). (b) ME resonators operating
in the longitudinal mode. And (c), ME bending bimorphs com-
posed of one MS layer and one piezoelectric layer. All ME
structures under investigation are variants of the 2–2 com-
posite presented in the previous sections. We note that MME
devices formed by permanent magnet masses mounted on a
piezoelectric beam tip whose substructure is not MS material,
e.g. [25], are not considered in this review.

3.1. ME–MME configuration

ME–MME structures are defined by the following key fea-
ture, a mass placed at the end of a bending ME structure. This
mass is often made of hard magnetic material (i.e. a permanent
magnet) that is not highly magnetostrictive itself. The mag-
netic mass can serve three roles, sometimes simultaneously: it
lowers the resonance frequency of the structure, it can directly
interact with applied (or ambient) magnetic fields to apply a
torque to the end of the structure, and it can apply a DC bias
field to the MS material. The application of DC bias fields is
the subject of section 4, and will be covered in more detail in
that section.

Dong et al [26] developed a multimodal system that can
scavenge energy from both the magnetic fields and vibration
from the environment. The structure consists of a mass at one
tip of the beam to lower the resonance frequency. (The authors
do not explicitly state whether the mass is magnetic or not, but
we believe it is non-magnetic.) The center of the beam com-
prises a symmetric ME composite (see figure 5). Two PZT
fiber layers with push–pull type symmetric polarization units
are laminated together with fourMS FeBSiC ribbons. A power
density of 2.1 mW Oe−1 cm−3 was reported, with a 50 kΩ
load under the first longitudinal mode resonance frequency of
21 kHz and anACmagnetic field of 1Oe, without anymechan-
ical vibration. This experiment was conducted without the tip
mass, and the power density was computed based on the lam-
inate volume only. With the presence of the mass, a bending
resonance frequency of 40 Hz was observed. A power density
of 400 µW g−1 cm3 was obtained at an optimal load resist-
ance of 3 MΩ and under excitation of 1 g, with no excitation

Figure 5. (a) Schematic of ME laminate, and (b) photo of ME
laminate. Reprinted from [26], with the permission of AIP
Publishing.

from magnetic fields. The system demonstrated the capability
to harvest energy from two different sources simultaneously.
However, it is not clear how efficient the device was under the
combination of the two excitations since no relevant output
power or power density was shown.

Gao et al [27] fabricated an asymmetrical ME composite
Metglas/Pb(Zr,Ti)O3 operating in bending mode with interdi-
gitated electrodes on the piezoelectric layer. Permanent mag-
net tip masses were placed on two edges of the compos-
ite to decrease the resonance frequency of the laminate and
supply the DC bias field for the ME effect. Five Metglas
foils of 80 mm in length and 10 mm in width were bonded
together, and subsequently laminated to the bottom surface
of the PZT fiber layer (40 mm × 10 mm). An output power
of 16 µW Oe−1 was reported with a 6 MΩ resistance load at
60 Hz resonance frequency.

Ryu et al [28] designed a ME–MME generator that can
turn on 35 LEDs and drive a wireless sensor network under
a magnetic field of 500–700 µT at a low frequency of 60 Hz.
This ME–MME resonator is comprised of a ME cantilever
beam combined with a neodymium permanent magnet mass,
in which the ME laminate was formed by the ⟨011⟩ oriented
anisotropic single crystal fiber composite (SFC) piezoelec-
tric layer bonded to a Ni plate. The device operates in bend-
ing mode with a resonance frequency around 60 Hz. Includ-
ing the total volume of the ME laminate and the proof mass,
the ME–MME transducer with anisotropic ⟨011⟩ SFC oper-
ating in d32 mode can provide ∼1600% larger power density
(46.3 µW cm−3 Oe−2) than that of the MME generator with
isotropic ⟨001⟩–d31 mode SFC (2.9 µW cm−3 Oe−2).

Annapureddy et al [29] introduced a bending mode canti-
lever structured ME device with low loss piezoelectric single
crystal fiber, Ni sheet and a neodymium permanent mag-
net proof mass. The hysteresis of the piezoelectric materials,
which relates to losses such as dielectric loss (inverse of the
electrical quality factor) and mechanical loss (inverse of the
mechanical quality factor), causes performance degradation of
the device. Onemethod to improve the piezoelectric properties
of the PMN–PZT single crystals is to change the dopant (MnO
or WO3) and dopant amount in the composition. A structure
with low-loss PMN–PZT single crystal micro fibers was able
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Figure 6. (a) ME structures of various shapes, (b) strain distribution
by finite element modeling, and (c) normalized analytical data along
the beam central line marked white arrow in (b) in the piezoelectric
region. Here, the mid-point of the piezoelectric region is treated as
the normalized position for all the structures. The position of an
active piezoelectric region was indicated by a yellow-colored
dashed rectangle. Reprinted from [30], with the permission of AIP
Publishing.

to produce a high open-circuit voltage of 94 V and a short-
circuit current of 120 µA, from a magnetic field of 700 µT
and at a resonance frequency of 60 Hz. The power density
per volume corresponding to the optimum output power was
2.1 mW cm−3. We note that these ME composites, which
use Ni as a MS phase, also exhibited self-biased behavior.
In particular, the low-loss device attained a ME coefficient
of 11.3 V cm−1 Oe−1 at its bending resonance frequency of
800 Hz, in which neither the magnet mass nor the DC bias
field were present.

As a continued work of [29], Annapureddy et al [30] fur-
ther optimized the ME–MME cantilever beam by tailoring
the geometry to obtain higher output performance as shown
in figure 6. ME composites were clamped at one end, and a
magnetic mass of 4.5 g was mounted on other. The shapes
and positions of the piezoelectric material and the tip mass
were unchanged. But the shape of the beam, as well as the
MS Ni layer, was varied. In particular, the free end width
of the cantilever changed from a conventional rectangular to
a truncated shape, approaching a triangle. A maximum out-
put power density of 27 µW Oe−2 cm−3 was attained using
the tapered-shape ME–MME generator at its resonance fre-
quency of 40 Hz and with an optimal resistive load. The
maximum power was improved by 680% with the use of the
truncated shape, compared to that of the regular rectangular
structure. The authors found that the tapered beam resulted in

a higher average in-plane strain energy in the active piezoelec-
tric region than the conventional rectangular or other designed
structures. There was an improvement in the vibration dis-
placement of the beam tip, which was possibly due to the
decrease of the mechanical damping coefficient. This charac-
teristic could also contribute to the increase in output power.

In 2018, Annapureddy et al. [31] designed a ME–MME
generator similar to their previous work in [29]. However, the
MS material used was Fe–Ga alloy instead of Ni. The ME–
MMEgenerator consisted of a cantilever beamwith sixNdFeB
magnets as a proof mass, piezoelectric single crystal macro-
fiber composite and a highly textured MS Fe–Ga alloy. Com-
pared to the Ni-based ME–MME generator, a higher power
density of 3.22 mW cm−3 was obtained under an applied AC
field of 7 Oe and at a resonance frequency of 60 Hz. Moreover,
a ME coefficient of 26 V cm−1 Oe−1 was achieved when
investigating the Fe–Ga-alloy ME composite alone, without
clamping and proof mass. This result was 153% larger than
that of the Ni-based structure at its resonance (∼900 Hz). As
expected, the piezomagnetic property of Fe–Ga is better than
Ni. Based on the frequency response of the output voltage, we
observed an increase of the mechanical quality factor, or equi-
valently, a decrease of the mechanical loss. Therefore, it was
not clear whether the improvement of the output power came
from the enhancement of the ME effects, or the increase of the
mechanical quality factor.

Kang et al [32] utilized a ME laminate with MFC (piezo-
electric macro fiber composite) and FBS (MS multilayer
amorphous Fe85B5Si10) as a cantilever and mounted a magnet
mass on its tip to form a ME–MME generator. The magnetic
tip mass then, (a) interacts with the external 60 Hz magnetic
field to induce vibrations in the beam, (b) applies DC bias field
to the FBS layers to maximize the ME coupling, and (c) facil-
itates the positioning of bending resonance frequency around
60 Hz. FBS alloys were used since they have a high piezomag-
netic constant and a low saturation magnetic field. The out-
put power the ME-coupled-MME transducer (MS cantilever
beam) is about 1.25 times higher than that of a similar MME
device (nonmagnetic beam), 9.73 and 4.32 mWpeak, respect-
ively. Correspondingly, the power density was 2.01 mW cm−3

when the tip mass volume is included, and 9 mW cm−3 when
excluding tip mass volume, under an AC field of 10 Oe. The
obtained results were better than previous MME generators,
such as [29, 30]. Later, Lu et al [33] argued that their ME–
MME resonator made with PZT and Ni exhibits comparable
performance with that in [32]. An advantage of the PZT/Ni
configuration is that it is more cost-effective. The acquired out-
put power allowed the energy harvester to turn on 100 com-
mercial LEDs without a power storage unit.

Most ME–MME structures use magnets at the end of the
beam, which do not provide a uniform magnetic field inside
the material. In order to overcome this limitation, Sriramdas
et al [34] proposed a concept of distributive forcing by using
a dual magnetic mass instead of a single tip mass as shown in
figure 7. According to the experimental analysis and simula-
tion results presented, the distributed forcing method led to a
280% improvement in output power in comparison with the
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Figure 7. (a) End forcing ME structures, (b) distributed forcing ME structures, and (c) comparison of the normalized power of both
structures. [34] John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

end mass structure. The ME–MME laminates are composed
of one layer of single crystal fiber PMN–PZT and 18 layers of
Metglas. The laminate was exposed to a 10 Oe magnetic field
at 60 Hz. The authors compared the performance of the two
following structures: (a) one magnet placed at the beam tip,
and (b) dual-mass configuration, in which one magnet was at
the tip and the other magnet was placed 33 mm away from the
clamped end. The magnet mass and position play an import-
ant role in matching the resonance frequency with the mag-
netic field frequency in the environment. Therefore, the selec-
tion of these two factors is essential, especially in maximizing
the power harvested from a power line. The dual mass system
produced 2.2 mW cm−3, which is much higher than that of the
end mass structure which produced 0.2 mW cm−3.

Lee et al [35] proposed a configuration of ME–MME
transducer containing multiple layers of Metglas and PZT in
order to generate high power output from low input mag-
netic field, as shown in figure 8. The PZT plates are con-
nected in series and the magnetic tip masses are placed at
the end of the beam for magnetizing the Metglas. Since the
magneto-mechanical torque (τ) acting on the permanent mag-
net depends on its magnetization (M) and volume (V), the
authors chose a large magnetic tip mass to amplify the torque
(τ = (M×B) ·V). Such a ME–MME structure was capable of
producing power in the mW range with an input AC magnetic
field of 500 µT. For instance, a device with four Metglas lay-
ers produced 0.94 mW cm−3 under the resonance condition
(60 Hz) and a field strength of 300 µT. This prototype led to
300%–400% improvement compared to previously reported
ME–MME structures.

An approach that adds a magnetic flux concentrator along
with the ME–MME laminates was suggested by Song et al
[36], which resulted in higher power output compared to con-
ventional ME–MME structures. The ME composite was fab-
ricated with Mn doped piezoelectric single crystal fiber and
a truncated shaped nickel cantilever as shown in figure 9. A
magnetic mass was mounted at the beam tip. The laminate was
placed near a MFC, which is made of nickel layers 0.25 mm
thick. The shape and the optimal position of the MFC were
determined by COMSOL simulation. The simulated results
showed that the MFC was helpful to amplify the flux dens-
ity. The increased flux density enhanced the magnetic torque
applied to the proof mass, which in turn improved the output
power. The device with the MFC generated a power density

Figure 8. Cross-sectional view of the MME composites.
Reproduced from [35] with permission from the Royal Society of
Chemistry.

of 0.02 mW cm−2 Oe−2 at 8 Oe AC magnetic field at the
resonance frequency of 60 Hz. The output power was ∼1.85
times higher than that of the device without theMFC, 3.33 and
1.17 mW, respectively. A suitable selection of MFC materials
could also result in a higher amplification of flux density and
maximum output power. However, the authors did not con-
sider the magnet volume during the calculation of the power
density of this system, which should be noted when comparing
with other ME WPT systems.

Much evidence in the literature argues that combining ME
and MME mechanisms could improve the maximum out-
put power. However, most of those investigations have been
based on experimental work. There is still a lack of a com-
prehensive theoretical analysis to understand whether a ME-
coupled-MME configuration always significantly outperforms
a conventional MME structure, or on which occasions the
combination is beneficial. Since the applied magnetic fields
interact with both permanent magnet and MS materials, it
is difficult to distinguish the contributions of each mechan-
ism in a coupled system if we only analyze the total out-
put power. Answering these questions can provide a deeper
insight into the behavior of a ME–MME based system and a
guideline to optimize its performancewhen subject to practical
limitations such as device size and available stray magnetic
fields.
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Figure 9. (a) Schematic of the optimization of the MME generator,
(b) magnetic flux density simulation with or without the magnetic
flux concentrator (MFC), (c) ME voltage coefficient (αME) of the
MME generator, and (d) experimental setup. Reproduced from [36]
with permission from the Royal Society of Chemistry.

3.2. ME longitudinal mode

Rather than operating in bendingmode,ME longitudinal oscil-
lators consist of ME laminates without proof masses attached
to the end and vibrate along their length. The ME longitudinal
mode oscillator is a very common, perhaps the most common,
ME structure used for WPT. The standard ME longitudinal
mode oscillator has a basic structure as shown in figure 10.
Most of the ME longitudinal mode structures reviewed in this
article either have an externally applied DC bias field or imple-
ment a self-biasing mechanism and thus are reviewed in either
sections 4 or 5. Here we review a few ME longitudinal mode
oscillators that either do not make use of an external DC bias
field or are otherwise noteworthy.

O’Handley et al [1] presented a ME laminate with three
layers Metglas–PZT–Metglas that operates in the longitudinal
mode. The ME transducer could produce 2 W cm−3 power
under an AC magnetic field of 20 Oe and at 60 kHz resonance
frequency. Since the applied field strength was relatively high,
the ME device was magnetized and excited simultaneously,

and therefore, there was no need for the DC bias field for its
operation.

A unique longitudinal mode structure was proposed by Li
et al [38]. The group fabricated a ME composite on a Be–
Bronze triangular shaped ultrasonic horn substrate with one
Terfenol-D plate and three piezoelectric (PZT) plates as shown
in figure 11. Here, three transversely polarized PZT plates
(12mm× 2mm× 0.8mm) and one longitudinallymagnetized
Terfenol-D plate (12 mm × 6 mm × 1 mm) were placed on
the same plane and glued on the ultrasonic horn. They demon-
strated two times higher ME coefficient than a bilayer com-
posite of the same size (with one PZT and one Terfenol-D
plate) at resonance frequency. The high Q ultrasonic horn was
used to decrease energy loss and enhance energy density. The
authors stated that the vibrating amplitude of theMS Terfenol-
D plate can be converged and amplified by the ultrasonic horn
due to its shape. They further demonstrate that more vibrating
energy can be converted into electricity from either series or
parallel connection of three PZT plates than from a single PZT
plate [39, 40]. The authors further claimed that the vibrating
gain of the ultrasonic horn scales proportionally with the area
ratio of the two different cross-sections and is related to its
gradient contour and quality factor. Therefore, the ultrasonic
horn transfers vibrating energy from the larger cross-sectional
area to smaller cross-sectional area and hence an enhancement
of power density is achieved. The device can produce 20 µW
from a supply of 1 Oe AC and 800 Oe DC bias field. Although,
this structure shows higher power output than the bilayer, the
volume of this structure is larger and the shape is more com-
plicated than a traditional bilayer.

Bayrashev et al [41] proposed a disk shaped (7 mm dia-
meter)ME laminate with Terfenol-D–PZT–Terfenol-D for use
as a biomedical implant. This is a free standing bulk oscillator,
but oscillates in thickness mode rather than longitudinally. A
NdFeB permanent magnet with a diameter of 25.4 mm is used
to generate the magnetic flux change by attaching it to the
shaft of a linear variable frequency (1–30 Hz) dc motor. They
claimed this approach as a low frequency method of powering
microsystems. Their reported power is around 80 µW, which
is reasonable for a biomedical implant. However, from their
reported values, it is difficult to understand the precise mag-
nitudes of the AC and DC magnetic fields to which the lamin-
ate, and therefore the person in which the device is implanted,
is exposed.

3.3. ME bending mode

In contrast to ME longitudinal mode oscillators, ME bending
mode oscillators are typically two-layer structures: one MS
layer and one piezoelectric layer. Thus, the magnetically gen-
erated force in the MS layer causes a bending mode oscilla-
tion. Even if the structures have more than two layers, they are
asymmetric through the thickness such that a bending mode
results from applied AC magnetic fields.

Chlaihawi et al [42] developed a screen-printed self-biased
laminate that exhibited a power density of 639.6 µW cm−3

under an AC magnetic field of 92 Oe at a frequency of 100 Hz
with an optimal load of 100 kΩ. The device was fabricated by
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Figure 10. Standard geometry for ME longitudinal model oscillator. Blue layer center layer is piezoelectric. Brown outer layers are MS.
The structure is typically either mounted along its center line allowing free vibration to either side or free standing [37].

Figure 11. Composite comprised of Terfenol-D, PZT and ultrasonic
horn. Reprinted from [38], Copyright (2010), with permission from
Elsevier.

screen printing PVDF on a Metglas substrate. Ag ink was also
printed on top of the PVDF layer as electrodes for the ME–
MME transducer. The fabrication method is cost-efficient,
light weight and can increase the flexibility of a ME laminate.
It was not reported whether the device operated at resonance
of off-resonance. The authors did not clarify whether the pro-
totype requires a DC bias field for its operation. However, with
a high AC field applied, the Metglas could be magnetized and
excited at the same time.

Asymmetric ME laminated composites operating in bend-
ing mode at low-frequency ranges have been thoroughly
investigated theoretically in the literature [43, 44]. However,
the performance of the bending vibration was shown to be
worse than that of the longitudinal mode (i.e. usually com-
pared in terms of the ME coefficient) [45, 46]. Therefore, the
bendingmode operation is less favorable for aME-based wire-
less power transfer system (WPTS) when compared to ME–
MME and ME longitudinal mode structures.

4. Approaches to magnetic field biasing

In this section, we discuss different approaches of applying
an external DC magnetic field bias to improve the perform-
ance of ME laminates. A DC magnetic bias superimposed on
an AC magnetic field enables operation closer to saturation
magnetostriction [47]. This DC magnetic field magnetizes the
MS materials by aligning their randomly oriented magnetic

Figure 12. Relation between MS coefficient (λ), d33,m and
magnetic field.

domains in one direction. Under the influence of a superim-
posed AC magnetic field, rotation or reorientation of the mag-
netic domains causes internal strain in the material structure
(i.e. magnetostriction). The resulting strain depends on the
degree of the material’s base structure homogeneity and the
material formulation. The strains in the structure lead to the
stretching (positivemagnetostriction), or contraction (negative
magnetostriction) of the material in the direction of the mag-
netic field [48]. The primarymeans of applying a DCmagnetic
field bias are to place a magnet (permanent magnet or electro-
magnet) near the device under test, or to place the device under
test in a DC Helmholtz coil.

Truong and Roundy [8] experimentally and analytic-
ally showed that magneto-mechanical transduction factor
(Γm =−2wtm

d33,m
sH33

) limits the maximum power available for

transfer to a resistive load. Γm is a function of the piezomag-
netic constant d33,m, which is a function of DC bias (d33,m =
dλ/dHDC) as shown in figure 12. Power can be optimized
by maximizing the piezomagnetic constant which can be
achieved by applying the correct DC bias. Truong and Roundy
found 133 Oe optimum DC bias for their Galfenol–PZT–
Galfenol longitudinal mode oscillator structure which they
applied with external (i.e. not attached to the ME structure)
permanent magnets. Under this DC bias and an applied AC
magnetic field of 3 Oe their reported output power is around
10 mW at 70.47 kHz resonance frequency.
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Figure 13. Trilayer ME structures: (a) Metglas–Terfenol-D–PZT–5H, and (b) Terfenol-D–Metglas–PZT. Reprinted from [55], Copyright
(2019), with permission from Elsevier.

Bian et al [49] fabricated a symmetric FeNi–PZT–FeNi
longitudinal mode oscillator structure which operated under
0.3 Oe root mean square (RMS) AC magnetic field and
an optimal DC bias of 50 Oe. The DC magnetic bias is
applied by using a pair of annular permanent magnets (Nd–
Fe–B). Under this condition their reported output power is
0.956 mW cm−3 for an optimal load of 25 kΩ and 26.8 kHz
resonance frequency. Despite having a low piezomagnetic
constant, this longitudinal resonator achieved a high ME coef-
ficient (376 V cm−1 Oe−1).

The optimum bias magnetic field mainly depends on the
material properties of the MS material used. Researchers
have demonstrated that higher optimum bias is needed for
Terfenol-D than nickel, FeNi alloy or Galfenol.Wang et al [50]
investigated a trilayer ME device with Terfenol-D–PMN–PT–
Terfenol-D and found an optimal DC bias of 400 OeDCwhich
they applied with a U-shaped electromagnet. The device pro-
duced 1.9 mWOe−1 power output under 1 Oe AC field. Wang
et al [51] also explained how the optimum bias field causes
maximum strain and minimum stiffness and how increasing
or decreasing the bias field from the optimum causes a corres-
ponding decrease in strain and increase in stiffness.

Rizzo et al [52] proposed a disk-shaped trilayer ME struc-
ture with Terfenol-D–PZT–Terfenol-D which also exhibits
optimum power at high optimum DC bias. The authors chose
disk-shaped pieces because they wanted to avoid unwanted
electromagnetic effects which may occur at the angles of FM
structures. They supplied 1000 Oe bias field by using an elec-
tromagnet and reported 175 mW cm−3 output power under
15 Oe RMS AC field and 200 kHz resonance frequency for
470 Ω optimum loading. The group claimed that their device
can be used as a medical implant. Their reported optimum
power output is very high, however this is under a very large
AC magnetic field and power scales with the square of the
AC magnetic field. We also note that this AC magnetic field
amplitude is well above suggested safety limits for biomed-
ical implants [53, 54].

Malleron et al [55] experimentally showed the effect of
a Metglas layer on ME composites of Terfenol-D/PZT–5H
with different configurations as shown in figure 13. They
investigated four structures, Metglas–PZT, Terfenol-D–PZT,

Terfenol-D–Metglas–PZT and Metglas–Terfenol-D–PZT and
found that the Terfenol-D–Metglas–PZT composite performs
better than the others. They explained that if Metglas is placed
between the bulk Terfenol-D layer and the piezoelectric layer,
it improves the mechanical energy transfer by concentrating
stress near the piezoelectric layer. Their reported power output
for the Terfenol-D–Metglas–PZT–5H composite is 600 µW
under 1 Oe AC field at 70 kHz and 682 Oe DC magnetic field
supplied by an external magnet. Although they did not find
any significant effect on required optimum bias magnetic field
due to adding a thin amorphous Metglas layer with Terfenol-
D, they did get better output power by adding the Metglas.
As Metglas is a high permeability material, it concentrates the
induction magnetic flux. The authors claimed that as Metglas
concentrates the magnetic induction flux and stress near the
PZT in a Terfenol-D–Metglas–PZT composite, they achieved
higher power and a higher ME coefficient than the other com-
posite configurations. But this is not always true for other
materials. Mandal et al [56] found a lowerME coefficient for a
Ni–Metglas–PZT composite than for aMetglas–Ni–PZT com-
posite. Therefore, the exact relationship between the compos-
ite configuration and ME coefficient and power output is still
uncertain. However, these experimental results open an excit-
ing question regarding how to combine various MS materials
for a ME WPTS.

Onuta et al [57] developed an all-thin-film ME compos-
ite on silicon cantilever. The devices were fabricated on a sil-
icon oxide/nitride/oxide stack. The ME cantilevers were com-
posed of Fe0.7Ga0.3 as the MS phase and Pb(Zr0.52Ti0.48)O3

as the piezoelectric material [57]. A peak power density of
0.7 mW cm−3 (RMS) was measured at a resonance frequency
of 3833 Hz and with an optimal load of 12.5 kΩ. The DC
bias field and AC field (applied by nested Helmholtz coils)
were 66.1 Oe and 1 Oe (RMS), respectively. This result
showed that thin film structures under consideration can per-
form equally as bulk structures. More interestingly, under zero
DC magnetic field bias, the ME coefficient was only 20%
less than that with the optimal DC bias field. This implies a
36% reduction in power output with no DC bias. This des-
pite the fact that there is no explicit self-biasing mechanism
applied.
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Reis et al [58] manufactured a Metglas–PVDF–Metglas
composite which requires a much lower DC bias than other
MS materials like Galfenol or Terfenol-D. Their reported out-
put power is 0.9 mW cm−3 under 0.4 Oe AC and 7 Oe DC
bias field applied by Helmholtz coils at 54.5 kHz resonance
frequency with 180 kΩ optimum loading. The authors mainly
focused on the electronic optimization of the energy harvest-
ing system which is out of the scope of this review. Previ-
ously Lasheras et al [59] also fabricated a similar Metglas–
PVDF–Metglas laminate and showed how the length of the
laminate impacts the power output, DC bias, resonance fre-
quency, and ME coefficient (αME). Output power and αME

increase and the required optimum DC bias and resonance
frequency decrease with increasing length of the laminate.
Because Metglas has an extremely high permeability, short
composites suffer the strong effects of demagnetization fields.
Therefore, it is not surprising that longer devices producemore
power and voltage. The authors did not explain why the DC
bias fields decrease with the increase of the length. Although
a longer laminate gives more power and needs a smaller DC
bias for optimum operation, the interest in fabricating mini-
ature devices may limit the length achievable in many WPT
applications.

Recently, ME laminates are increasingly being investig-
ated in the field of WPT for biomedical implants because
of their favorable size/power relationship [60–63]. Miniature
ME devices can outperform coupled inductive devices for
WPT in biomedical implants [62]. Singer et al [63] fabricated
millimeter-sized asymmetric devices with Metglas and PVDF
for wireless neural simulations. The system is designed with
permanent magnets for supplying the 80–90 Oe DC bias and
an electromagnetic coil to supply 10 Oe or 20 Oe AC field
at the resonance frequency. They manufactured two different
sized (20 mm3 and 4 mm3) ME laminates. The 20 mm3 (res-
onance frequency 171 kHz) and 4 mm3 (250–400 kHz) lam-
inates produce around 0.1–0.2 mW power and 2 mW power
respectively. The authors focus mostly on neural simulations
and so their analysis of power is incomplete. Although these
implants produce mW range power, they applied very high
AC magnetic fields which may cause safety concerns for bio-
medical implants. The ME device used a permanent magnet
placed near the end of the Metglas to create the DC bias. It
should be noted that the use of a permanent magnet may cause
size and safety issues for a biomedical implant. Finally, Park
et al [64] proposed ME laminates for biomedical implants
composed of lead free piezoelectric single crystal, BCT–BZT
(82BaTiO3 − 10BaZrO3 − 8CaTiO3) and Ni plates that have
comparable power output density to lead based piezoelectric
ME laminates. This approach may provide increased safety
given the elimination of lead in the piezoelectric material.

Newacheck and Youssef [65] proposed two ME laminates
with different geometries to wirelessly power small electronic
devices. Two ME composites, one circular and the other rect-
angular, have been made with Terfenol-D and PZT layers.
They perform two tests by using the circular laminate as a
transmitter and the rectangular laminate as a receiver and vice
versa. A 100 µW power can be transferred at resonance by
their system under an ACmagnetic field of 1.4 Oe RMS and an

Figure 14. WPT experimental setup with a concentric ring ME
transmitter and laminate plate ME receiver. Reproduced from [65].
© IOP Publishing Ltd. All rights reserved.

optimum DC bias of 500 Oe applied by an electromagnet. The
experimental setup is shown in figure 14. The authors clearly
show the effect of DC bias and geometry of the laminate on
the ME coefficient. This approach to WPT is different than
others because they use ME composites both for transmitting
and receiving, which they call bi-directional ME WPT.

Li et al [66] designed a ferro-nickel (Fe–Ni)/PZT H-type
fork ME structure and an energy management circuit for
energy harvesting. The H-type fork ME composite structure is
composed of two same-size-rectangular composites as shown
in figure 15. The device would be classified as a ME longit-
udinal mode oscillator, but we note that it is a unique config-
uration. The Fe–Ni alloy is magnetized along the longitudinal
direction. The PZT–8H is polarized along the thickness direc-
tion. The same identical vibrating waves from the two beams
are induced and superimposed due to the symmetrical fork
structure. The output power for the resonant fork composite
structure was 61.64 µW at an AC magnetic field of 0.2 Oe
and a DC bias field of 100 Oe. The authors experimentally
showed that the resonant fork composite configuration exhib-
ited a higher ME coefficient compared to that of the conven-
tional traditional structure. This is primarily due to the fact that
the active material volume used in the H-type prototype was
twice as much as that in the traditional beam.

5. Self-biased ME structures

ME laminates typically need a DC bias in addition to an AC
magnetic field for optimum performance. As detailed in the
previous sections, the bias field is often supplied by a magnet
attached to the tip of the ME structure (as in the ME–MME
configuration discussed in section 3.2), by a nearby perman-
ent magnet, by an electromagnet, or by a Helmholtz coil. Use
of a permanent magnet mass alters the dynamics of the device
and can make the device too large or unsafe (e.g. in the case
of biomedical implants) for many applications. Use of biasing
magnets (permanent magnets or electromagnets) is imprac-
tical in many if not most real applications. Therefore, research-
ers have taken various approaches to fabricate self-biased ME
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Figure 15. ME composite structure: (a) H-type fork ME composite
structure, and (b) rectangular ME composite structure. © [2011]
IEEE. Reprinted, with permission, from [66].

laminates [67]. Some researchers using magnet masses at the
tip of the ME beam and classified them as self-biased devices
[68]. However, for the purposes of this paper, we consider a
self-biased device one that does not use any kind of permanent
magnet (i.e. magnetic mass which is not MS) or external DC
bias for the ME effect. In other words, if the bias field (actual
magnetostatic field or effective field as in the case of exchange
bias) is produced by the MS material itself, even if that mater-
ial is a hard magnetic material with remanent magnetization,
then we consider it a self-biased ME laminate. Although, we
acknowledge this is our own classification, and not one that
is universally accepted in the literature. In this section, we
discuss self-biasing approaches in order to critically compare
these different approaches for WPT. Most of the self-biased
papers have compared their laminate performance on the basis
of the ME coefficient (αME = V/(tpHac)).

5.1. Self-biasing by pre-magnetizing MS layers

Magnetization of MS materials can result in an enhanced MS
effect with no external bias by virtue of the fact that the reman-
ent magnetization serves to magnetically bias the device. Pre-
magnetization is accomplished using multiple methods. Some
materials will maintain a significant remanent magnetization
at room temperature when subjected to large DC magnetic
fields. In some cases, magnetic annealing enhances the reman-
ent magnetization in the direction of the field applied during
annealing. This type of self-biasing field is sometimes referred
to as an anisotropy field, such as in [22], because of the result-
ing anisotropic magnetic properties of the annealedMSmater-
ial. (Note that exchange anisotropy is a different effect that will
be discussed under section 5.3.) In either case, the result is a
large remanent magnetization in the MS material that serves
as its biasing field.

Kambale et al [69] built symmetric (trilayer) and asymmet-
ric (bilayer) ME structures with Ni (30 × 17 × 0.25 mm3)
and piezoelectric macrofiber composites (MFCs) and experi-
mentally investigated their performance. They achieved self-
biased operation by virtue of the fact that the Ni layer retained
some remanent magnetization (i.e. it was pre-magnetized).
The reported self-biasedME coefficients ranged from 0.016 to
0.25 V cm−1 Oe−1 depending on device structure (i.e. asym-
metric or symmetric) and orientation. Under an experiment
in which the ME devices were placed on a magnetic stirrer
and therefore subjected to both mechanical vibrations and AC
magnetic fields, the authors reported a power output of 6.2 µW
and 0.1 µW for Ni/MFC and Ni/MFC/Ni laminates, respect-
ively. However, since the operating frequency used in these
experiments was far away from the resonance frequencies of
each structure, and the load resistances used were not optimal,
it is difficult to evaluate and compare the maximum output
power these generators can provide.

Many researchers have used Metglas to fabricate self-
biased laminates as it needs a relatively low DC bias for its
optimum performance [70, 71]. The main concern is how to
supply the small DC bias without the use of external mag-
nets. Ma et al [72] proposed magnetic annealing of Metglas
in order to permanently magnetize it. Magnetic annealing of
Metglas introduces a nano-crystal phase into the amorphous
material with the resulting effect that the Metglas behaves
as a hard magnetic material (i.e. exhibits a larger hyster-
esis loop). They annealed the Metglas with a magnetic field
applied in the longitudinal direction at various temperatures
and times to optimize the performance. They found that a
magnetic field of 3000 Oe at 350 ◦C for 5 min resulted in
optimum performance. They then use this annealed Metglas
(10 mm × 5 mm × 25 mm) to fabricate a Metglas–PZT–
Metglas laminate. This laminate produced a voltage 1.3 V
(αME = 15.5 V cm−1 Oe−1) at 146.4 kHz resonance fre-
quency under a 3 Oe ACmagnetic field and zero DC bias field.
Although a successful approach for self-biased laminates, the
careful optimization of magnetic annealing field, timing, and
annealing medium (vacuum, air, nitrogen) make this process
complex. An additional significant drawback of this process is
that magnetic annealing makes the Metglas very brittle [73].

To overcome the drawbacks of the above procedure the
same authors suggested another approach of integrating a hard
magnetic layer with the ME laminates [74]. They used a hard
magnetic ribbon composite, SFO (SrFe12O19), with a large
coercive field and unannealed Metglas to fabricate their lam-
inate. The SFO–Metglas–PZT–Metglas–SFO laminate pro-
duced 29 V cm−1 Oe−1 under 120 kHz resonance condition
and zero bias field. The authors stated that as the SFO rib-
bon has higher coercivity than annealed Metglas, it creates a
larger magnetostatic field inside the Metglas compared to the
remanent magnetization of the annealed Metglas in [72]. They
further showed that by changing the thickness of the SFO rib-
bon, the magnetostatic field can be optimized for better output.
According to our definition, this approach is not a self-biased
laminate as the SFO ribbon is not significantly magnetostrict-
ive. The SFO layer simply induces a magnetostatic field in
the MS material. Thus, we would classify this approach as a
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method to apply a DC bias field. We include it here as it is part
of a body of work from Ma et al.

Zhang et al introduced self-biased ME laminates that make
use of Samfenol (SmFe2) due to its large internal anisotropy.
(Note, the authors refer to the large remanent magnetization
of the Samfenol layer as a large anisotropic field because of
Samfenol’s inherent magnetic anisotropy.) In [22] the authors
manufactured SmFe2–PZT–SmFe2 composites. The SmFe2–
PZT–SmFe2 laminate produced αME = 39.5 V cm−1 Oe−1

under 1 Oe AC magnetic field at zero bias and resonance
(119.75 kHz). In another device [75], the authors introduced
a self-biased trilayer ME laminate heterostructure that con-
sists of positive (Terfenol-D) and negative (SmFe2) giant MS
materials and piezoelectric ceramics. This ME composite was
able to generate a maximum power of 0.323 µW with a
2.6 MΩ load resistance under an applied AC magnetic field
of 1 Oe at an anti-resonance frequency of 111.5 kHz. The
self-biased operation results from the opposite magnetically
induced stresses from the top layer (Terfonol-D) and the bot-
tom layer (SmFe2).

5.2. Self-biasing by magnetization grading

Magnetization grading results from bonding together two or
more dissimilarMSmaterials (i.e. different saturationmagnet-
izations). This grading of magnetic properties can result in a
large piezomagnetic constant under zero bias. As described in
[76, 77] when two different MSmaterials are bonded together,
a magnetic field will be induced in the transverse direction and
this field will be antiparallel to the gradient of their magnet-
ization (∇M). As the applied AC magnetic field is typically
along the length or width of the ME device, the field resulting
from the magnetization grading is orthogonal to the applied
AC field. The large piezomagnetic constant is a result of the
moment of rotation acting on the magnetic layers in response
to the applied AC field (see Mandal et al [56]). The difference
in saturation magnetizations can be achieved by choosing MS
materials with different permeability and coercive fields.

Mandal et al [56] used two different MS materials
(annealed nickel and Metglas) and bonded them with PZT
to make self-biased ME laminates. Due to the difference in
saturation magnetizations of Metglas and nickel, a transverse
magnetic field is induced. Their experimental results show
αME = 46 V cm−1 Oe−1 at 170 Hz resonance frequency under
1 Oe AC magnetic field. (Note, this is a ME bending mode
device rather than a ME longitudinal mode device.) Their
optimized αME value is for a laminate with lateral dimensions
of 5 cm × 1 cm. They optimized the αME value by chan-
ging only the Metglas layer thickness. A critical point to note
here is that they pre-magnetized their virgin sample before tak-
ing the zero-bias measurements. Thus, the nickel layer main-
tains a remanent magnetization that increases the magnetiza-
tion grading effect and may also increase the piezomagnetic
constant of the nickel itself. It is not always clear which effect
is contributing more to the self-biased performance, but this
potential combination of effects is common for many magnet-
ization graded devices.

Another approach of magnetization grading has been
presented by Li et al [78]. They laminated annealed Metglas
and unannealed Metglas together to create the magnetization
grading which they bonded to the PZT layer to create a ME
device. Then they pre-magnetized the laminate by using 2 kOe
magnetizing field. Due to the difference in saturation magnet-
izations of crystalline annealed Metglas and amorphous unan-
nealed Metglas, a magnetostatic field is induced inside the
laminate and this internal bias field causes the zero-bias per-
formance. Their 80 mm × 10 mm self-biased laminate was
able to produce 380 V cm−1 Oe−1 under 0.1 Oe AC magnetic
field and at 33.7 kHz resonance frequency with zero DC bias.
Although annealedMetglas is difficult to handle due to its brit-
tleness, this approach is a good example of self-biased lamin-
ates with high αME and high output voltage.

Following the magnetization grading approach, Chen et al
[79] fabricated three types of self-biased laminates and
compared their performance: FeCuNbSiB–Ni–PZT (FeNiP),
FeCuNbSiB–FeNi–PZT (FeFP) and FeCuNbSiB–Terfenol-
D–PZT (FeMP). They first performed low frequency analysis
by varying the DC bias supply from−500 Oe to 500 Oe under
1 Oe AC magnetic field supply. In addition to characterizing
the devices, this step likely also pre-magnetized some of the
MS layers. From this low frequency analysis, they found very
low αME (around 17.25 mV cm−1 Oe−1 for FeNiP) at zero
bias. They performed the same analysis at resonance and found
a higher value of all three laminates due to the high mech-
anical quality factor. The FeNiP laminate produced a higher
αME = 126.6 V cm−1 Oe−1 at 154 kHz resonance frequency
and at zero bias compared to the other two laminates. Xu
et al [80] also createdmagnetization graded laminates by com-
bining high permeability FeCoV foils and Terfenol-D. They
reported a zero biased αME = 19.6 V cm−1 Oe−1 at 115.1 kHz
resonance frequency.

Continuing from their prior work [22, 75], Zhang et al
[81] demonstrated a similar principle by manufacturing
a SmFe2–Terfenol-D–PMN–PT–Terfenol-D–SmFe2 lamin-
ate. Their laminate produced 13.75 V cm−1 Oe−1 at 97.5 kHz
resonance frequency at zero bias. According to the authors,
the induced internal bias field (Hint) inside the laminates is
the summation of two fields: one is induced by the magnetic
property mismatch of the two giant MS materials (i.e. mag-
netization grading), and the second is induced by the internal
anisotropic field (i.e. remanent magnetization) of Samfenol.
Note, the terminology in this paper seems to be somewhat dif-
ferent than in other papers in this review. The authors refer
to the field resulting from the different magnetic properties of
Samfenol and Terfenol-D as ‘exchange biasing’. However, we
believe that this is more properly referred to as magnetization
grading.

Following the insights from these previous works on mag-
netization grading, we manufactured five-layer (Metglas–Ni–
PZT–Ni–Metglas) self-biased laminates. We have character-
ized the effect of remanent magnetization of the nickel layer
on the laminates’ self-biased performance and reported their
power output at lowACmagnetic field [82]. In our devices, the
self-biasing effect is likely the caused by the combined effect
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of the remanent magnetization in the Ni layer and the mag-
netization grading effect of the two magnetically mismatched
layers (Metglas and Ni). We have verified that without pre-
magnetization of the laminates, the self-biased effect is signi-
ficantly diminished. Similarly, even with pre-magnetization,
the self-biased performance of a Ni–PZT–Ni laminate is weak.
Therefore, the combination of different MS materials and pre-
magnetization is important for good self-biased performance.
Our self-biased device can produce around 250 µW power at
1.3 Oe AC magnetic field at resonance (188 kHz), which is
reasonable to power a range of biomedical implants.

As a final note, most of the self-biased laminates dis-
cussed make use of a hard magnetic MS material that is pre-
magnetized. The stability issues of the laminates have not
yet been researched extensively. First, the remanent mag-
netization can degrade over time, especially if subjected to
high temperatures. Second, there is a possibility of degrading
the remanent magnetization during cycling with the magnetic
fields if the AC fields approach or are higher than the reman-
ent magnetization. This effect is unlikely if the AC magnetic
field is within the µT range. To our knowledge these stability
issues have not been reported on in the context of self-biased
ME devices.

5.3. Self-biasing mechanism by exchange biasing

Exchange bias refers to the shift in the hysteresis loop
of FM/antiferromagnetic (AFM) bilayers. As explained by
Stamps [83], FMmaterials tend to have a large exchange para-
meter (i.e. high ordering) but low anisotropy. AFM materials
tend to have large anisotropies but low ordering. When the
materials are brought together, exchange coupling between the
materials can result in FM behavior with stable order and high
anisotropy. The phenomenon is referred to as exchange bias
because the hysteresis loop of the FM/AFM system can be
centered around a non-zero magnetic field. (Note, we refer to
this effect as exchange bias, but it is sometimes referred to as
exchange anisotropy.) This effect has been widely exploited in
magnetic recording. The process for making exchange biased
heterostructures is detailed in [84, 85].

To our knowledge, only one group has published work
applying exchange biasing to ME laminates. The composites
presented by Lage et al [86] are composed of piezoelectric
AlN (aluminum nitride) and multilayers of Ta/Cu/Mn70Ir30/
Fe50Co50 or Ta/Cu/Mn70Ir30/Fe70.2Co7.8Si12B10 as MS lay-
ers. The composite with Fe70.2Co7.8Si12B10 is able to produce
αME = 96.7 V cm−1 Oe−1 under 1 Oe AC magnetic field sup-
ply at zero bias and at resonance. Although, the αME value of
this self-biased composite is high, the output voltage is very
low (19.34 mV) because the AlN layer is very thin. Lage et al
[87] again tried to improve the performance (in terms of αME)
of the laminates by increasing the thickness of the multilayers.
The resulting 25 mm long laminate produced a higher αME of
430 V cm−1 Oe−1. However, the output voltage is still in the
mV range. At their current state, these exchange-biased lamin-
ates do not compare well with other approaches for MEWPT.

However, they may be a good choice for self-biased sensing
applications. Analyzing the stability issues and exploring dif-
ferentmaterials for themultilayers to improve the performance
would be good future research topics.

Most papers on self-biased ME laminates are primarily
interested in the αME value as the relevant figure of merit.
Although this is appropriate for the sensing application, αME

does not directly translate to better performance as a WPT
receiver. αME is normalized by the thickness of the piezoelec-
tric layer and the applied AC magnetic field. Received power,
however, does not scale in the same way as αME. (For a fur-
ther treatment of the relationship between αME and received
power, we refer the reader to [8].) Therefore, we next compare
different ME WPT receivers based on a new power figure of
merit.

6. Figures of merit and comparative analysis

This section compares the previously reported ME struc-
tures based on different figures of merit, including our sug-
gested ME WPT power figure of merit. As discussed in
the previous section, the ME coefficient, αME = V/tpHac, is
not a perfect figure of merit for WPT applications. αME is
most applicable to a sensing application in which the voltage
magnitude, not power, is the critical factor. Other common
figures of merit include power density (mWcm−3) and power
density normalized by the square of the applied magnetic
field (mWcm−3Oe−2). This last power density does correctly
account for the square of the applied magnetic field, however
it neglects frequency. Based on prior work, the following rela-
tionships hold, and should inform the relevant power figure of
merit:

Power∝ volume

Power∝ H2
ac

Power∝ frequency.

For a further discussion of the relationship between power
and volume, and power and AC magnetic field (Hac) we refer
the reader to [8]. For a further discussion of the relationship
between power and frequency we refer the reader to [88]. For
inductively coupled WPT it is commonly stated that power
scales with frequency squared, which is true under certain
idealized conditions. (A full discussion of power scaling for
inductively coupled WPT is beyond the scope of this paper.)
However, Truong [88] has shown that for ME WPT receiv-
ers, the relevant scaling for ME WPT is linear with frequency
assuming a constant quality factor. Therefore, we propose the
following power figure of merit:

FOMP =
P

vol H 2
ac f

(4)
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Figure 16. Relationship between power density and αME.

Figure 17. Relationship between αME and operating frequency.

where FOMP is the power figure of merit, P is the measured
output power, vol is the total device volume including per-
manent magnets or auxiliary structures if present, Hac is the
applied AC magnetic field, and f is the operating frequency
in Hz. The units we use for this power figure of merit are
mW cm−3 Oe−2 Hz−1. This power figure of merit is useful
in comparing different mechanical structures, approaches to
external biasing, and self-biasing approaches. We should note
that we calculate power density and FOMP by calculating the
total volume of the ME structures with the volume of the tip
magnetic mass. Some authors only calculate power density
based on the active volume of the ME laminate and do not

consider the structure’s full size. Furthermore, some authors
do not consider the magnet volume for ME–MME structures.
Where possible we have tried to correct for this to make fair
comparisons.

We classify ME WPT structures into three categories: ME
devices with tip magnetic masses, ME devices with external
DC bias, and self-biased ME devices. We first plot rela-
tionships between relevant parameters (αME, power density,
FOMP, and frequency) in figures 15–18 for these three cat-
egories to further investigate the validity of FOMP. We then
list the relevant parameters of a wide range of publications
reviewed herein in tables 3–5.
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Figure 18. Relationship between power density normalized by the square of the magnetic field and applied frequency.

Table 3. MEWPT with tip mass.

Author Year/reference αME V cm−1 Oe−1
Power density
mW cm−3 Oe−2 Frequency Hz

FOMp,
mW cm−3 Oe−2 Hz−1

Dong 2008/[26] 66.67 2× 10−4 20 1× 10−5

Gao 2012/[27] 250 7.2× 10−2 60 1.2× 10−3

Kambale 2014/[69] 0.3a 3.8× 10−1 1000a 3.8× 10−4

Ryu 2015/[28] 160 4.6× 10−2 60 7.6× 10−4

Annapureddy 2016/[29] 135.5 1.5× 10−2 60 2.6× 10−4

Annapureddy 2016/[30] 353 1.6× 10−2 40 4× 10−4

Annapureddy 2018/[31] 1330 7.8× 10−2 100 7.8× 10−4

Kang 2018/[32] 11 3.7× 10−2 60 6.3× 10−4

Lu 2019/[33] 220 6.7× 10−2 50 1.3× 10−3

Chlaihawi 2016/[42] — 7.5× 10−5 100 7.5× 10−7

Sriramdas 2020/[34] 222.4 1.9× 10−2 60 3.3× 10−4

Lee 2020/[35] 557 1× 10−1 60 1.7× 10−3

Song 2020/[36] 170 6.5× 10−2 60 1.1× 10−3

a Off-resonance values.

As shown in figure 16, there does not seem to be any clear
relationship between power density and αME. Here, if we con-
sider the systems with tip masses, we can see that Gao et al
[27] and Annapureddy et al [31] have very different αME val-
ues, but similar power densities (αME = 250 V cm−1 Oe−1,
power density = 7.2 × 10−2 mW cm−3 Oe−2 for Gao
et al [27] and αME = 1330 V cm−1 Oe−1, power dens-
ity = 7.8 × 10−2 mW cm−3 Oe−2 for Annapureddy
et al [31]). Again, if we consider the systems with
external bias we can see that the power density values
do not depend on αME values (αME = 60 V cm−1 Oe−1,
power density = 7.4 mW cm−3 Oe−2 for Wang et al
[50] and αME = 145.6 V cm−1 Oe−1, power dens-
ity = 7.3 mW cm−3 Oe−2 for Lasheras et al [59]). There-
fore, it is evident that αME values do not have any specific
relationship with power density of the ME WPT systems and

device performances cannot be judged by the αME values
alone.

Figure 17 plots the relationship between αME and oper-
ating frequency. If we consider Annapureddy et al [31]
(αME = 1330 V cm−1 Oe−1 and Frequency = 100 Hz),
Dong et al [26] (αME = 2250 V cm−1 Oe−1 and Fre-
quency= 2100Hz) and Li et al [78] (αME = 380V cm−1 Oe−1

and Frequency= 33 700Hz), we see that there is no clear trend
between αME values and applied frequency. We also notice
that self-biased systems tend to have lower αME values and
higher operating frequencies than devices with tip masses and
externally biased ME WPT systems.

Figure 18 shows a nearly linear relationship between power
density and applied frequency, especially below about 20 kHz.
If we imagine a line across the highest performing devices such
as Lee et al [35], Kambale et al [69], Dong et al [26], Bian
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Table 4. MEWPT, no tip mass, with external bias.

Author Year/reference
αME

V cm−1 Oe−1
Power density
mW cm−3 Oe−2 Frequency Hz

FOMp

mW cm−3 Oe−2 Hz−1

Dong 2008/[26] 2250 2.1 2100 1× 10−3

O’Handley 2008/[1] 25.2 4.9 60 000 8.2× 10−5

Bian 2009/[49] 375.875 5.4 26 600 2× 10−4

Li 2010/[38] 25 3.1 27 000 1.1× 10−6

Wang 2010/[50] 60 7.4 83 600 8.9× 10−5

Onuta 2011/[57] 33.6 6.9× 10−1 3800 1.8× 10−4

Rizzo 2019/[52] 5.2 7.7× 10−1 200 000 3.8× 10−6

Malleron 2019/[55] 243 1.6 70 000 2.3× 10−5

Truong 2020/[8] 40.8 2.7 70 470 3.9× 10−5

Reis 2016/[58] 250 5.6 54 500 1× 10−4

Li 2010/[66] 137.5 4.1 64 000 6.4× 10−5

Lasheras 2015/[59] 145.6 7.3 46 800 1.5× 10−4

Singer 2020/[63] — 1.2 400 000 3.1× 10−6

Newacheck 2020/[65] — 7.9× 10−2 43 000 1.8× 10−6

Table 5. MEWPT, self-biased.

Author Year/reference αME V cm−1 Oe−1
Power density,
mW cm−3 Oe−2 Frequency Hz

FOMp

mW cm−3 Oe−2 Hz−1

Ma 2016/[72] 15.5 — 1464 000 —
Ma 2016/[74] 29 — 120 000 —
Mandal 2011/[56] 46 — 170 —
Li 2013/[78] 380 — 33 700 —
Chen 2014/[79] 126.625 — 154 520 —
Xu 2015/[80] 19.6 — 115 140 —
Zhang 2014/[81] 13.75 — 97 500 —
Zhang 2013/[22] 39.5 — 119 750 —
Saha 2021/[82] 53.84 3.2 187 600 1.7× 10−5

Lage 2012/[86] 96.7 — 1197 —
Zhang 2014/[75] 28 1.5× 10−3 111 500 1.4× 10−8

Figure 19. Relationship between power figure of merit and operating frequency.
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et al [49], and Wang et al [50], we notice power density val-
ues have a proportional relationship with operating frequency.
According to Truong [88] output power scales linearly with
operating frequency, which is supported by the data in this
figure. The best reported power density, 7.4 mW cm−3 Oe−2

for Wang et al [50], is a longitudinal mode ME WPT system
with external bias.

Figure 19 plots FOMp vs frequency. For devices operat-
ing below 10 kHz, FOMp is approximately constant with fre-
quency, which is what would be predicted by the theory in
[88]. For devices operating at higher frequencies, a negative
relationship with frequency does seem evident which would
not be predicted by [88]. See section 7 for a further discussion
of this point. We can also see that ME WPT systems with tip
magnetic masses tend to have higher FOMp values than the
systems without tip masses. Therefore, according to our com-
parative analysis the most efficient systems are ME WPT sys-
tems with magnetic tip masses. We hypothesize that the extra
torque added by the tip mass could explain the higher power
figures of merit. The best FOMp, 0.1 mW cm−3 Oe−2 Hz−1

can be observed in this figure by Lee et al [35].

7. Discussion and conclusions

Our discussion focuses mostly on ME structures used as
receivers in WPT systems. Although ME structures can be
used as transmitters as well, this configuration seems to be less
common in the literature. The most common configuration is
to use a traditional coil as a transmitter and a ME structure as a
receiver. This may be due to the fact that such a configuration
is more convenient for research studies: it is easier to create
a uniform magnetic field with a coil which enables isolated
study of the ME structure as a receiver. However, it is also
the case that the coil transmitter/ME laminate receiver con-
figuration is practical for many real-world applications. The
advantage of ME laminate receivers is their more favorable
size-to-frequency relationship. And many attractive applica-
tions, such as biomedical implants, require a small receiver
but not necessarily a small transmitter. Therefore, this review
has spent more effort on both ME structures as receivers in
WPT systems and on performance metrics that are applicable
to receivers.

Although single phase ME materials have been extensively
studied, virtually all of the high performing devices in the
scholarly literature are composites of MS and piezoelectric
materials. Composites in all the standard configurations (0–3,
1–3, 2–2) have been demonstrated, but the highest performing
composites have generally been 2–2 composites or structures
that use 2–2 composites (or laminates) as part of the struc-
ture. The prevalence of 2–2 composites as ME WPT receiv-
ers is likely due to the better stress transfer (i.e. more uniform
stress transfer across a larger contacting surface) between MS
and piezoelectric layers and their relative ease of manufacture.
Given that somewhat narrowed scope, this section discusses
some of the overall trends and insights that we see from a
review of the relevant literature.

Assuming a 2–2 composite structure, the key mater-
ial parameters for ME WPT structures for piezoelectric
and MS materials are d31,p/sE11 and d33,m/sH33 respectively.
(See section 2 Materials for a more detailed discussion of
these material parameters.) The most common piezoelectric
materials used in ME laminates are formulations of PZT. In
particular ‘soft’ PZT materials, such as PZT–5H (i.e. Navy
Type VI) have a higher piezoelectric figure of merit for ME
WPT. Single crystal piezoelectric materials such as PMT–
PT are also used as they have a very high d31,p coefficient.
However, they are also more compliant and their piezoelectric
figure of merit for ME WPT is similar to much less expens-
ive and more readily available soft PZT materials. Another
consideration is that soft PZT materials typically have a lower
quality factor than hard PZT materials (i.e. PZT–4A) which
could hurt performance at resonance. However, in our experi-
ence, the limiting factors of the system quality factor are usu-
ally anchor loss and adhesives, not the inherent material losses.
For a more complete description of the piezoelectric figure of
merit and the traditional piezoelectric energy harvesting (or
resonator) figure of merit (d231,p/s

2
11ε) we refer the reader to

[8]. As shown in table 1,Metglas (FeSiB) has by far the highest
MS figure of merit among common MS materials. Terfenol-
D (TbxDy1−xFe2) and Galfenol (FeGa) also have relatively
high MS figures of merit. Not surprisingly, the vast major-
ity of ME receiver devices use one of these three materials.
AlthoughMetglas has a higher MS figure of merit, Terfenol-D
and Galfenol have a much higher saturation magnetostriction
which can be useful in some applications. Secondly,Metglas is
typically supplied only in thin ribbons (approximately 25 µm
in thickness). Although these thin ribbons can be laminated
together, if a much thicker MS layer is needed, Terfenol-D or
Galfenol may be better approaches.

To compare different devices and types of structures we
have chosen a power figure of merit (FOMp) that normalizes
for device volume, applied AC magnetic field squared, and
frequency. As we have described, and as has been reported
in many published works, power output scales with device
volume and with the square of the applied magnetic field. For
this reason we believe that FOMp is a better figure of merit
for ME WPTS than the ME coefficient (αME), which normal-
izes for piezoelectric layer thickness and magnetic field to the
first power. (αME is clearly more relevant for sensing applic-
ations in which the output voltage magnitude is the critical
parameter). Figure 15 also suggests that among published ME
WPT receivers there is no obvious relationship between αME

and power density. The appropriate relationship between an
applicable figure of merit and frequency is less obvious from
the literature. Based on the analysis of Truong [88], power
for ME WPT receivers should scale linearly with frequency
assuming that the mechanical quality factor is constant with
frequency. Given this analysis, and the fact the FOMp nor-
malizes for frequency, we would expect that FOMp would be
approximately constant with frequency, and indeed this does
seem to be true below about 10 kHz (see figure 18). However,
at higher frequencies FOMp seems to fall with increasing fre-
quency. This same effect can be seen in figure 17 in which
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power density stops increasing with frequency for devices at
higher frequencies. It is not immediately clear why the trend
with frequency changes for the higher frequency devices. One
hypothesis is that the mechanical quality factor is indeed con-
stant with frequency for the lower frequency devices, but for
the higher frequency devices, which are mostly longitudinal
mode resonators, the quality factor decreases with frequency.
Further analysis would be needed to explore this hypothesis. A
second possible hypothesis is that the decreasing performance
with frequency is due to different relative contributions from
theMS and piezoelectric materials. If, for example, higher fre-
quency devices have different MS materials or less MS mater-
ial relative to the amount of piezoelectric material, the power
figure of merit could suffer. A third possible hypothesis is the
power loss due to the effects of the demagnetizing field, a crit-
ical factor for MS materials with high permeability. The influ-
ence of the demagnetization phenomenon on the maximum
output power was briefly discussed in [88]. FOMp does not
account for these effects. However, we are still confident that
FOMp represents themost relevant figure ofmerit of those pro-
posed for ME WPT receivers.

We have categorized ME laminate receiver structures into
three broad categories: ME–MME, ME longitudinal mode,
and ME bending mode. See section 3 Device Approaches for
examples of all three types of structures. ME–MME structures
very slightly outperform ME longitudinal mode structures on
average when considering the power figure of merit. Although
it should be noted that the ME–MME structures operate at
much lower frequencies, and thus tend to have lower power
densities even though they have a slightly higher power figures
of merit. ME–MME structures contain a permanent magnet
that augments the ME laminate. The permanent magnet can
have two effects: first, the torque resulting from the interaction
between themagnet and external magnetic field combines with
the force from theMSmaterial to amplify the magnitude of the
ME structure vibrations which may account for their slightly
higher power figure of merit, and second, the mass from the
magnet reduces the resonance frequency which is useful for
low frequency applications. As the name implies, ME lon-
gitudinal mode devices do not operate in bending mode and
have no permanent magnet. For higher frequency devices (i.e.
1 kHz–1 MHz) rectangular ME laminates operating in longit-
udinal mode are the most common type of structure. There are
a few examples of more complex structures that make use of
2–2 ME composites operating in longitudinal extension mode
[38, 66], although they do not seem to outperform the stand-
ard rectangular laminates according to the power figure of
merit. Perhaps the reason that the simple rectangular lamin-
ate is most common is simply ease of manufacture. Truong
and Roundy [8] have shown that in most cases, maximiz-
ing the performance of a ME laminate relies more heavily
on increasing the performance (i.e. piezomagnetic constant or
amount of material) of the MS phase than the piezoelectric
phase. So, it stands to reason that adding a permanent magnet,
which also increases the magnetic-to-mechanical coupling, or
a rectangular laminate as opposed to a more complex struc-
ture with less MS material per overall volume would result

in a higher power figure of merit. This logical conclusion is
consistent with a comparison of published devices as shown in
tables 3 and 4.

Referring to figure 12, the piezomagnetic constant d33,m is
a function of the applied magnetic field. In order to operate at
point where d33,m is highest, either the applied AC magnetic
field must be large enough in amplitude such that the peak of
the d33,m curve is reached, or a DC bias field with a smaller
superimposed AC magnetic field must be applied. Usually the
second approach is used as the fields required to reach max-
imum d33,m are quite large, on the order of 10–100 Oe for Met-
glas and 100–1000 Oe for Terfenol-D and Galfenol. The DC
bias field is usually either applied with an external coil (usually
a Helmholtz coil), external magnets placed near, but not on, the
ME structure, or magnets placed directly on the MS material.
External biasing coils and magnets work well for laboratory
experiments, but with few exceptions these approaches are not
appropriate for final applications. In many instances, magnets
placed directly on the MS material may be appropriate in an
end application. However, for some applications, such as bio-
medical implants, permanent magnets can cause safety and/or
reliability concerns. All three methods are capable of applying
the optimal DC bias. Given that the permanent magnets are
problematic for many applications, there has been significant
research on methods to self-bias ME composite structures (see
section 5). Performance metrics for devices employing these
various methods are summarized in table 5. Most self-biased
devices in the literature report theMEvoltage coefficient,αME,
but do not give enough information to calculate FOMP. Self-
biased devices perform similarly to externally biased in terms
of αME. The two devices for which data does allow the calcu-
lation of FOMP [75, 82], report values of 1.4× 10−8 and are
1.7× 10−5 mWOe−2 cm−3Hz−1. The second of these is sim-
ilar to externally biased devices operating at similar frequen-
cies. Thus, although there is still much work to be done on
self-biased devices, those reported in the literature are within
the performance range of externally biased devices. The best
performing self-biased devices use the magnetization grading
approach. However, as self-biasing methods are an area of act-
ive research, it would be premature to conclude that the mag-
netization grading is the preferred approach, but it does seem
promising.

The past several years have seen an increasing amount
of research on ME devices used in WPT applications. With
few exceptions, ME WPTS receivers are rectangular lamin-
ates of MS and piezoelectric materials, sometimes with a mag-
net proof mass attached. There has been relatively little work
on geometry optimization combined with fabrication methods
that might make more creative geometries possible. We have
reviewed recent research on self-biasing techniques, however,
this is an active area of research with much more to be learned
and a significant next step in ME WPTS research. Several
approaches have been demonstrated, but issues remain. For
example, one approach, annealing Metglas under a magnetic
field results in very fragile material that lacks robustness.
Sufficient data on the longevity of devices that utilize pre-
magnetized MS material is lacking. Other methods, such as
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exchange biasing, require complicated and expensive fabric-
ation methods. We believe research to improve the perform-
ance of self-biased devices and address these issues is highly
warranted. Finally, we are unaware of studies investigating
the safety of ME devices for biomedical implants especially
considering such issues as magnetic resonance imaging (MRI)
compatibility. In our opinion, all of these areas merit further
research.
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