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Magnetostrictive alloys have attracted increasing attention in biomedical applications because of the ability to
generate reversible deformation in the presence of external magnetic fields. This review focuses on the advances
in magnetostrictive alloys and their biomedical applications. The theories of magnetostriction are systematically
summarized. The different types of magnetostrictive alloys and their preparation methods are also reviewed in
detail. The magnetostrictive strains and phase compositions of typical magnetostrictive alloys, including iron
based, rare-earth based and ferrite materials, are presented. Besides, a variety of approaches to preparing rods,
blocks and films of magnetostriction materials, as well as the corresponding methods and setups for magneto-
striction measurement, are summarized and discussed. Moreover, the interactions between magnetostrictive
alloys and cells are analyzed and emphasis is placed on the transduction and transformation process of mech-
anochemical signals induced by magnetostriction. The latest applications of magnetostrictive alloys in remote
microactuators, magnetic field sensors, wireless implantable devices and biodegradable implants are also
reviewed. Furthermore, future research directions of magnetostrictive alloys are prospected with focus on their
potential applications in remote cell actuation and bone repair.

1. Introduction

Health has long been an unremitting pursuit of human beings. With
the continuous improvement of living standards, great changes have
taken place in people’s understanding of health [1]. People are paying
more and more attention to the therapy of diseases with higher re-
quirements for the therapeutic methods and effects [2-6]. In view of
this, increasing efforts have been devoted to developing novel medical
technology and means. For example, surgical therapy has developed
from open surgery to minimally invasive or even non-invasive surgery
[7-11], and the repair of bone defects has developed from autogenous
bone grafting and allogeneic bone grafting to artificial bone grafting,
and even the in-depth research on biodegradable artificial bone, etc.
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[12-17]. These developments aim to achieve better therapeutic effect
and reduce the accompanying adverse effects on patients’ health. On
this basis, the corresponding new therapeutic tools have also been
rapidly developed, such as the applications of micro-electromechanical
systems (MEMS) in cell operation, interventional therapy [18,19], and
the development of new devices driven in vitro by electricity, machin-
ery, and magnetism using the characteristics of smart materials [20-23].

As one kind of smart materials, magnetostrictive materials are
capable of changing dimension under the action of external magnetic
field and regaining the original dimension after removing the external
magnetic field [24]. The attractive properties have drawn a wide range
of research interests in biomedical fields. Early in 1992, a sensitive and
reliable magnetostrictive sensor was developed for the monitoring of
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articular movements and lung ventilation [25]. After that, Vargas-Esteve
et al. studied the biocompatibility of Galfenol-based microparticles and
proved their great potential as remote microactuators in cell biology and
intracellular applications [26]. Moreover, Hart et al. innovatively
investigated the use of magnetostriction in bone repair, in which
magnetostriction materials were rigidly attached to a porcine tibia and
then placed in an alternating magnetic field. Encouragingly, the results
showed that magnetostriction could provide effective strain stimulation
to increase and accelerate bone formation [27]. These studies demon-
strated the great research and application potentials of magnetostriction
in biomedical fields.

This review presents the research advances of magnetostrictive al-
loys and their cellular responses. The theories and mechanisms of
magnetostriction are summarized and discussed in detail. Special
attention is paid on the main categories, magnetostrictive performance
and preparation methods of magnetostrictive alloys. The measuring
methods for magnetostrictive properties are also introduced. Moreover,
the biological performance of magnetostrictive alloys is also explored
with a focus on the latest applications in remote cell drive. Finally, the
future research directions of magnetostrictive alloys are prospected
especially in remote cell actuation and bone repair.

2. Magnetostriction theories
2.1. Magnetostrictive effect

Magnetostriction is a phenomenon in which material is reversibly
deformed when an external magnetic field is applied. Magnetostriction
was first discovered in 1842 by Joule [28], so it was also called “Joule
effect” as shown in Fig. 1 a. Then, in 1864, Villari discovered the reverse
effect of magnetostriction, which was called “Villari effect” as shown in
Fig. 1 b, i.e., the change of magnetization can be induced by the change
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in the length/volume of a magnetic material [29]. For engineering
materials, magnetostriction is mainly concerned with the change in
length (linear magnetostriction), which is the phenomenon of elon-
gating or shortening along a certain direction driven by external mag-
netic field. The magnetostrictive capability is generally characterized by
magnetostrictive strain A (A = Al/I), in which Al and [ refer to the change
in length and the original length of the material, respectively [30]. 1is a
dimensionless quantity and generally expressed as x 10~ or ppm [31].
If the magnetic material elongates, /s is positive, otherwise J; is negative.
In addition, A increases with the increase of magnetic field until a
saturated value (4;), which is used to represent the saturated magneto-
strictive properties of magnetic materials [32]. At room temperature,
the 5 of conventional magnetostrictive materials generally ranges from
a few to tens of ppm, while the subsequently developed giant magne-
tostrictive materials exhibit 4; of two orders of magnitude larger than
conventional magnetostrictive materials [33].

2.2. Phenomenological theory

The magnetostriction of material is caused by the exchange coupling
effect between the magnetic moments of adjacent atoms. When the
distance between magnetic moments changes, the macroscopic behavior
of the material appears as elongating or shortening [37]. In phenome-
nological theory, the coordinate axes are represented by x, y and z, and
are consistent with the cubic crystal axes [100], [010] and [001],
respectively. According to the symmetry of crystal and the principle of
free energy, the magnetostriction of single crystal in the cubic crystal
system can be expressed as [38]:
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Fig. 1. Schematic descriptions of (a) Joule effect and (b) Villari effect. Reproduced with permission from Ref. [34] Copyright 2015 Elsevier (c) The magnetostriction
of ferromagnetic materials: 1. paramagnetic state above Tc; II. spontaneous magnetization after cooling below Tc; and III. saturated state in the presence of an
external magnetic field. Reproduced with permission from Ref. [35] Copyright 2004 Researchgate. (d) The distribution of magnetic moments corresponding to

different magnetization stages of ferromagnetic materials [36].
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where the direction cosines of magnetization are ay, @y, a,; the direction
cosines of measurement are fy, fy, fi;; the magnetostriction along <100>
and <111> directions are d19p and A117 respectively; A% is the defor-
mation that does not vary with the direction of magnetization.

For isotropic ferromagnetic materials, 1300 = 4111 = 4, when 1% is
neglected, Formula 1-1 can be simplified as follows [38]:

3 ) 1
A= <§> Ag (cos 0— §)

In the formula, @ represents the angle between the direction of
magnetostriction measurement and the direction of magnetization,
cosd = af,+ ayp,a+ a,f,. When 6 = 0°, A = J is the saturated
magnetostrictive strain along the direction of magnetic field. Formula 1-
2 is suitable for isotropic ferromagnetic materials and can be used to
approximately calculate the magnetostriction of anisotropic ferromag-
netic materials and polycrystalline materials with disordered grain
orientation.

When ignoring the deformation 1% it can be proved that the s of
polycrystalline materials and its single crystal magnetostrictive strains
(4100 and 1111) are in accord with the following formula [38]:

(1-2)

/1%*}.100 +

2 3
5 (g)/lm

2.3. Microscopic theory

1-3)

2.3.1. The origin of magnetostriction for ferromagnetic materials

According to the principle of minimum free energy, the change of
magnetization state in a material would induce the change of length/
volume, which is a sufficient condition for the minimum total energy of
the system. There are several mechanisms for the magnetostrictive
phenomenon of magnetic materials:

(1) Spontaneous magnetostriction

Spontaneous magnetostriction is mainly caused by exchange forces
(Fig. 1 ¢) [35]: I. Single-domain crystal appears spherical above its Curie
temperature (Tc), when the temperature drops below Tc, the exchange
force causes spontaneous magnetization of the crystal. II. Spontaneous
magnetization makes the total atomic magnetic moment spin in the
rotation direction and turn to a specific orientation, which would cause
the pull-apart of nuclei and result in the spontaneous magnetization of
Ao. IIL. If the applied magnetic field is perpendicular to the direction of
spontaneous magnetization, the direction of the total atomic magnetic
moment would be parallel to external magnetic field, thus causing
magnetostrictive strain of Ag.

(2) Magnetostriction induced by magnetic field

The essence of magnetostriction is that the internal domains of
ferromagnetic materials rotate and the magnetic domain walls move
under the action of external magnetic field. Consequently, the energy of
the system redistributes, making the total energy in the lowest state. The
change of magnetoelastic properties leads to a change in the distance
between adjacent atoms, which macroscopically appears as the elon-
gating or shortening of material size. Magnetostrictive behavior is an
external manifestation of the magnetization process of ferromagnetic
materials. Therefore, the magnetostrictive performance depends on the
magnetization process of the materials [39]. As shown in Fig. 1 d, the
distribution of magnetic moments corresponds to different magnetiza-
tion stages of ferromagnetic materials.

(3) Shape effect

For a spherical single domain sample, it is assumed that there only
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exists demagnetization energy (1/2NM2V) without any spin-orbit
coupling interaction or exchange [38]. In order to reduce the demag-
netization energy, the sample volume should be shrunk accompanied by
the decrease of demagnetization factor N via the elongation along
magnetization direction. The shape effect caused by demagnetization
energy is related to the shape of the magnetic material, and the resulting
magnetostrictive effect is smaller than the aforementioned magneto-
strictive effects [40].

(4) The origin of giant magnetostriction caused by rare earth ions

In rare earth-metals, -alloys and -intermetallic compounds, the giant
magnetostrictive effect is mainly caused by the unfilled 4f layer elec-
trons [41]. The 4f electron orbital of rare earth ions has strong anisot-
ropy. When spontaneously magnetized, the 4f layer electrons will
achieve the lowest energy in one or more specific directions. This causes
large lattice distortion along these directions, resulting in giant
magnetostriction [42].

2.3.2. Itinerant electron model based on band theory

Phenomenology theory can explain the macroscopic deformation of
ferromagnetic materials caused by magnetostriction, but is incapable for
the microscopic physical mechanisms. According to quantum theory,
magnetostriction strain can be calculated according to the electronic
structure, magnetic ions and crystal structure.

In itinerant electronic model, the magnetic 3d electrons are viewed
as roaming, and the symmetry of crystals determines the space part of
the wave function. The response energy can be expressed as E,(k), in
which k denotes the state of electrons and n denotes the label of band. In
non-ferromagnetic metals, each orbital of En(k) has two electrons with
opposite spin directions. In ferromagnetic metals, the 3d band is divided
into two parts with different number of electrons due to the exchange
interaction: one part spins up and the other part spins down, thus
generating spontaneous magnetization. If the spin-orbit coupling is
ignored, the direction of spontaneous magnetization is unrelated to the
direction of crystal axis; otherwise, the direction of spontaneous
magnetization is related to the direction of crystal axis, and thereby
resulting in magnetostriction [43,44].

2.3.3. Single ion model based on local electrons

Single ion model can explain not only the magnetostriction of 3d, 4d
and 5d metal ions in ferrites [45], but also the magnetostriction of 4f
ions in rare earth alloys [46]. In this model, the vacant metal ions
(magnetic ions) in the electronic shell of crystals are assumed as inde-
pendent with each other. Moreover, the statistical average value of
microscopic magnetocrystalline anisotropy energy for these metal ions
is regarded as the macroscopic magnetocrystalline anisotropy energy for
crystals. According to Boltzmann statistic theory, the relationship be-
tween macroscopic free energy density F and the microscopic energy of
magnetic ions E(6;) follows the formula [38]: F = — kT N;lnZ;, Z;

L

E©) L . . .
S e, in which i represents different magnetic sublattices. N; repre-
i

sents the number of magnetic ions on the i sublattice per unit volume. 6;
is the angle between the mean spin direction of magnetic ions on the i
sublattice and the axis of symmetry of crystal field. E;(6;) is the micro-
scopic anisotropic energy of magnetic ions on the i sublattice, and > _; is
the sum of the quantum states of the magnetic ions on the i sublattice.
This formula can be used to calculate the microscopic anisotropy energy
of a single magnetic ion, and further the macroscopic anisotropy energy
of crystals and then the magnetostriction of the alloys.

3. Magnetostrictive materials

Since the discovery of magnetostriction phenomenon in 1842,
extensive work has been undertaken to develop magnetostrictive
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materials and explore their applications (Table 1). Ferromagnetic ma-
terials, such as Fe, Ni, etc., are firstly developed magnetostrictive ma-
terials, which have saturated magnetostrictive strains in the range of
20-80 ppm [47-49]. Since the 1960s, rare earth magnetostrictive ma-
terials have been developed with saturated magnetostrictive strains of
hundreds of times than those of Fe, Ni and other traditional magneto-
strictive materials [50,51]. Afterwards, Terfenol-D (Tbg 3Dyo.7Fes) was
developed in the 1970s and exhibited “giant” magnetostrictive strains in
the range of 1000-2000 ppm [52]. In 2000, Fe-Ga alloy, another kind of
giant magnetostrictive material without rare earth, has been extensively
studied.

3.1. Magnetostrictive Fe-Ga alloys and Fe-Ga-X alloys

Fe-Ga alloys were developed by Clark et al. and became the most
promising new magnetostrictive material due to their high magneto-
strictive strain at low saturation field, low brittleness, high strength and
excellent machinability [69-71]. Moreover, they were found to have
great application potential in ultrasonic field, transducer,
micro-displacement devices and magnetostrictive actuators. Yoo et al.
studied the magnetostrictive patch transducer based on Fe-Ga alloy
patch. In the case of a static magnetic field and a dynamic magnetic field
created by applying alternating current (AC) to a coil, it was found that
the direction sensing function of magnetostrictive patch transducer was
significantly enhanced by Fe-Ga alloy patch [72]. Fe-Ga alloys have
high tensile strength (~500 MPa), good thermal-mechanical properties
and exhibit moderate saturated magnetostriction (~350 ppm) under
low magnetic fields (~100 Oe), which fill the gap between traditional
magnetostrictive materials and rare-earth giant magnetostrictive mate-
rials [73-75]. Thus, this section focuses on the magnetomechanical
behavior of binary Fe-Ga alloys and ternary Fe-Ga alloys.

3.1.1. Fe-Ga alloys

The dissolution of Ga into bcc-Fe will form a substitutional solid
solution [76]. When the atomic fraction of Ga in the substitutional solid
solution increases continuously from 15% to 30%, a variety of phase
structures like A2, D03, Lly, B2, D09 and Modified-DO3 will emerge
under different heat treatment conditions and directly affect the
magnetostrictive properties of Fe-Ga alloys (Fig. 2 a) [54,77-80].
Among these phase structures, high-temperature disordered A2 phase
contributes the most to the magnetostrictive property, and Modified-D03
phase can also improve the magnetoelastic coupling density of the al-
loys, but the appearance of ordered phase will greatly deteriorate the
magnetostrictive property [55,81].

There is a general belief that the large magnetostriction of Fe-Ga
alloys mainly comes from the Ga—Ga atom pairs and the unsymmetrical
Ga clusters formed by replacing the neighboring Fe atoms in the direc-
tion of [100] in a-Fe bce structure [82,83]. Clark et al. studied the
relationship between Ga content and magnetostrictive properties of
Fe-Ga alloys with single crystal [100] orientation. At low Ga contents,
the alloys existed in the form of disordered A2 phase and ordered D03
phase. At this time, the saturated magnetostrictive strain increased with
the increase of isolated Ga atom pairs. At high Ga contents, asymmetric
Ga sub-clusters appeared and formed short-range order phases in the
alloys, reducing magnetostriction [84,85]. Further study revealed that
Fe-Ga alloys with Ga atomic fractions of 19% and 27.5% exhibited the
best magnetostrictive properties. As shown in Fig. 2 b, magnetostrictive
strain reached a peak value of about 400 ppm when the atomic fraction
of Ga increased to 19%. This was because that the A2 phase, which was
stable only at high temperature, could be retained at the room tem-
perature after the quenching process. The second peak value occurred at
the Ga atomic fraction of about 27.5%, which was mainly due to the very
low shear modulus. Moreover, the alloy was almost entirely composed of
DO3 structure in this case [86].
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3.1.2. Fe-Ga-X alloys

In recent years, scholars began to explore possible effective methods
to further improve the magnetostrictive properties of Fe-Ga alloys. The
addition of third elements to Fe-Ga alloys has been proven as a feasible
method and one of the research hotspots in this field [71]. The effects of
adding a third element can be broadly divided into the following
categories:

- Enhancing the solid solubility limit of Ga atom in a-Fe-based solid
solution and the stability of A2 phase;

- Improving the stability of DO3 phase, reduces the solubility limit of
Ga in a-Fe-based solid solution, and promotes the decomposition of
A2 phase;

- Improving the plasticity and machinability of Fe-Ga alloys;

- Promoting the growth of some oriented grains in A2 phase and
forming texture;

- Improving other physical properties of A2 phase, etc.

So far, the following four types of third elements have been added to
Fe-Ga alloys through a lot of research.

(1) 3d and 4d transition elements (Ni, Mo, V, Cr, Mn, Rh, Co)

Many studies have investigated the effects of the addition of transi-
tion elements on the magnetostrictive properties of Fe-Ga alloys. The
results showed that adding a small amount of Ni or Mo decreased both
the values of A117 and A1gp [57]. What’s more, the addition of V, Cr, Mn
or Rh was also disadvantageous to the magnetostrictive properties of
Fe-Ga alloys (Fig. 2 c). The reason was that these elements had a stable
effect on the D03 structure and would promote the formation of ordered
D03 phase, which was not conducive to the magnetostrictive properties
of Fe-Ga alloys [87]. However, the addition of Co showed some positive
effects. The moderate substitution (<10%) of Co atoms for Fe atoms was
found to increase the magnetostriction, magnetism and Tc of Fe-Ga al-
loys, which was a feasible way to improve the service temperature [88].

(2) Si, Ge, Sn and Al elements

In the periodic table, Si locates at the preceding period of Ga and has
an empty d electronic shell, while Ge locates at the same period of Ga
and has a full d electronic shell. Sn locates at the next period of Ga and
has full 3d and 4d electronic shells. The three elements locate at three
successive periods of the same group but show different effects on the
magnetostrictive properties of Fe-Ga alloys. The substitution of a small
amount of Sn slightly improves the magnetostrictive properties of the
alloys [71]. However, the substitution of Si or Ge atoms for Ga atoms
leads to the decrease of magnetostrictive properties of the alloys [89,
90]. It is because that Si and Ge atoms can occupy the position of Ga
atoms, forming large strains and hindering the formation of Ga-Ga
atomic pairs. Al and Ga both belong to group IIIA with adjacent posi-
tions, showing similar atomic sizes and electronic configurations.
Therefore, Ga atom and Al atom have similar effects on the expansion of
lattice constant of Fe in Fe-Ga alloys. Researchers have found that the
grain size of FeggGagg,Al, (x = 0, 6, 9, 14) alloys increased while the
magnetostrictive strain decreased with the increase of Al content.
Moreover, the addition of Al can significantly promote the malleability
of Fe-Ga alloys, for example, the elongation rate of the alloys increased
from 1.3% to 16.5% after adding 9% Al [58].

(3) Interstitial elements (C, B, N)

The cubic lattice distortion in pure Fe caused by Ga atoms is believed
to be helpful for improving the magnetostriction. For single crystal
Fe-Ga alloys, it is found that small interstitial atoms, especially C, B and
N, can get in the gap positions, which not only causes cubic lattice
distortion but also inhibits the formation of stable D03 structures in the
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Table 1
Typical magnetostrictive alloys.
Classification Advantages Mechanisms Composition [Reference] Preparation Saturated Saturation Applications
methods magnetostriction  fields
Fe-Ga alloys High magnetostrictive Suppression on the Fegy 6Gaig.4 [26] Magnetron ~90 ppm ~10000 Remote cell actuation
strain at low saturation formation of sputtering Oe
field, low brittleness, metastable (D0O3) or method
high strength, excellent stable (L1,) ordered FegoGagg [53] Bridgman ~300 ppm _ Biodegradable
machinability phases, and method mechanically active
preservation of A, implants
single-phase Fego.sGajos [48] Directional ~300 ppm ~200 Oe Magnetostrictive
structure solidification actuators/sensors or
The Ga-Ga atom method energy harvesting
pairs and the applications
unsymmetrical Ga FegoGagg [54] Directional ~300 ppm ~3000 Oe
clusters formed by solidification
replacing the method
neighboring Fe FegoGagg [55] Rapid ~700 ppm ~5000 Oe Micro-displacement
atoms in Ref. [100] Quenching devices
direction of a-Fe bcc method
structure Feg1Gagg [56] Rolling ~110 ppm _ Ultrasonic fields
method
Fe-Ga-X Regulable Stable effect on D03 FegsGajp.oMog g [57] _ ~117 ppm ~15000 _
alloys magnetostrictive or structure and Oe
other properties of promoting the
Fe-Ga alloys formation of ordered
D03 phase
Altering the FegoGaj4Alg [58] Directional ~205 ppm ~240 Oe Transducer
magnetic coupling of solidification applications and
Fe atoms by non- method magnetostrictive
magnetic elements actuators
with no d-shell
electrons or full d-
shell
Causing cubic lattice ~ Feyg.92Gaz0.9Co.18 [59] Bridgman ~432 ppm B Sensors
distortion and method
inhibiting the AIN/FeGaB [60] Magnetron ~70 ppm ~152 Oe Magnetic field sensors
formation of stable sputtering
D05 structure method
Stabilizing bcc-born (Feo.83Ga0.17)g9.75Dy0.25 Melt-spun ~620 ppm ~15000 Magnetoelectric (or
(A2, B2 and DO03) [61] method Oe multiferroic) sensors
phases and and transducers
preventing the
appearance of closed
packed (fcc ordered
L1, and hep ordered
DO0,,) phases, as well
as increasing the
number of grains in
<100> orientation
Fe-Al alloys High _ FegoAlyg [62] Magnetron ~55 ppm ~1000 Oe Commercial energy
magnetomechanical sputtering harvesters
coupling strain and low method
eddy current losses
Fe-Co alloys High magnetostrictive The precipitation of Fe30Co70 [63] Rolling ~116 ppm ~1200 Oe Actuators and power
properties at room fee Co-rich grains method generation devices
temperature, as well as into the bcc a-Fe
good ductility, very soft matrix
magnetic properties and
low saturation magnetic
field
Fe-Pd alloys Unique martensitic The dispersion of Fegy 7Pd3o 3 [64] Directional ~800 ppm ~800 Oe Micromechanical and
transformation and strain glass with solidification intelligent material
shape memory effects strain nanodomains method systems controlled by
into the austenite magnetic fields
matrix
Tb-Fe alloys A huge cubic magnetic Large strain- TbFe, [65] Directional ~1800 ppm ~10000 Magnetomechanical
and Dy-Fe anisotropy at room dependent solidification Oe transducers, actuators
alloys temperature as well as anisotropy of the method and adaptive vibration
large magnetostriction rare-earth ion control systems
situated at the cubic
sites in the RFe,
lattice.
Tb-Dy-Fe Low anisotropy and Magnetic anisotropy (Tbo.27DY0.73)1.04F€1.95 Directional ~2015 ppm ~5000 Oe Sonar systems,
alloys giant magnetostrictive of Dy and Tb: similar ~ [66] solidification precision control
strains at room in magnitude but method systems, various valves
temperature ~900 ppm
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Table 1 (continued)

Classification Advantages Mechanisms Composition [Reference] Preparation Saturated Saturation Applications
methods magnetostriction  fields
opposite in direction  Tb-Dy-Fe/epoxy Bongding ~20000 Strain stimulation to
at room temperature  composites [27] method Oe increase and accelerate
bone formation
Tb-Dy-Fe/poly(vinylidene _ ~110 ppm ~500 Oe Remote mechanical
fluoride-co- stimulation to enhance
trifluoroethylene) cell proliferation
composites [67]
Ferrite Strong magnetism, high The presence of CoFe,04 [68] Combustion ~197 ppm ~5000 Oe Permanent magnets,
materials electrical resistance and small and uniform method drug delivery,
low eddy current losses grains without microwave devices and
substantial grain high-density
growth information storage
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Fig. 2. (a) The Time-Temperature-Transformation diagram for Fe-27Ga alloy. The first and second critical cooling rates are represented by thick green and red lines,
respectively. The X-ray diffraction (XRD) results are shown by a Pie chart with horizontal lines presenting the lever rule, and the lines for different cooling rates are
shown in K/min. The plus-shaped points are derived from the in situ neutron diffraction isothermal annealing or from the XRD results. Reproduced with permission
from Ref. [80] Copyright 2020 Elsevier. (b) Saturated magnetostriction of Fe-Ga alloys as a function of Ga content showing four regimes I ~ IV as arrowed. Q:
water-quenched from 1000 °C; SC: slow-cooled at 10 °C min—1 from 1000 °C. Reproduced with permission from Ref. [86] Copyright 2008 Elsevier. (c) Saturated
magnetostriction 3/2 1;1; for Fe-Ga binary system and Fe-Ga ternary systems with the addition of Cr, Mn, or Co. Reproduced with permission from Ref. [87]
Copyright 2007 AIP. The three-dimensional (3D) visualization of the diffraction pattern upon (d) heating and (e) subsequent cooling of Fe-26.2Ga-0.15 Tb alloys after
direct solidification. Reproduced with permission from Ref. [95] Copyright 2017 Elsevier. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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alloys, thereby improving the magnetostriction of single crystal Fe-Ga
alloys. Dong et al. developed a highly sensitive sensor by taking ad-
vantages of the high saturation magnetostriction and low anisotropy of
FeGaB alloy and the magnetically annealed FeGaB films can achieve a
high saturation magnetostriction of 75 ppm at a low saturation field of
12 Oe [91]. However, for polycrystalline Fe-Ga alloys, the addition of C,
B small interstitial atoms significantly reduce the magnetostrictive
properties of the alloys [59,92].

(4) Rare earth elements

Rare earth elements can improve the magnetic properties of most
materials because of their empty 4f electronic layer [93]. The earliest
discovered giant magnetostrictive material was FegsGa;7 alloy doped
with a small amount of Tb [94]. The doping of Tb stabilized bcc-born
(A2, B2 and DO3) phases and prevented the appearance of closed
packed (fcc ordered L1, and hep ordered D01g) phases (Fig. 2 d and e), as
well as increased number of grains in <100> orientation and thereby
improved magnetostrictive properties [95]. Moreover, studies have also
shown that the addition of rare earth Dy would not change the original
bce-Fe structure of Fe-Ga alloys. Dy mainly enriched at the grain
boundary and formed precipitated phase, while Ga in the matrix was
biased towards the rare earth phase containing Dy. What’s more, the
addition of Dy significantly increased the <100> preferred orientation
of Fe-Ga polycrystalline alloys, thus increasing the magnetostrictive
strain [61,96]. Further research found that the best-doped elements
were light rare earth elements such as Pr, La, etc., and the vertical
magnetostriction could reach —800 ppm, which was five times of the
magnetostrictive properties before doping [97,98]. These studies open
up a new direction for the development of new giant magnetostrictive
materials.
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3.2. Other magnetostrictive Fe-based alloys

3.2.1. Fe-Al alloys

Since 1928, Fe-Al alloys have been developed as potential magne-
tostrictive materials. It was found that the characteristics of Fe-Al alloys
were similar to those of Fe-Ga alloys in many aspects. On the one hand,
the saturated magnetostriction A199 of Fe-Al alloys occurred at the Al
content of 19 at.%, which bore a striking resemblance to that of Fe-Ga
alloys (Fig. 3 a) [62]. On the other hand, the phase diagram of binary
Fe—Al alloys (Fig. 3 b) was also very similar to that of Fe-Ga alloys in the
iron-rich region [99]. Therefore, it is expected to obtain Fe-Al magne-
tostrictive materials with excellent comprehensive properties. Pigott
first discovered large magnetostriction in Fe-Al alloys containing 13 at.
% Al in 1956 [100]. Afterwards, these alloys, known as Alfenol, are
commonly used in commercial energy harvesters owing to high mag-
netomechanical coupling strain and low eddy current losses [101],
Moreover, they also presented higher hardness and strength, smaller
density and lower cost compared with other Fe-based alloys [102].

3.2.2. Fe—Co alloys

Fe—Co alloys exhibit high magnetostrictive properties at room tem-
perature, as well as good ductility, very soft magnetic properties and low
saturation magnetic field [103,104]. Compared with Fe-Ga alloys,
Fe—Co alloys have abundant resources and lower cost, making them
good candidates for various applications in actuators and power gen-
eration devices [105]. Fig. 3 c¢ shows the relationship between the
atomic percent of Co and saturated magnetostriction of Fe-Co alloys
prepared by different methods. As can be seen, there are two peaks in the
As of the alloys with Co percent of 70% and 45%, respectively. The
maximum magnetostrictive strain of FeggCoyo alloy is about 92 ppm
while that of Fes5Coy4s alloy is 80 ppm. The alloy exhibits the lowest
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Fig. 3. (a) Magnetostriction constants, Moo and Aq11, of Fe-Al (001) single-crystal films as a function of Al content. Reproduced with permission from Ref. [62]
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magnetostrictive strain of 50 ppm when the atomic percent of Co is 55%.
The magnetostriction of Fe-Co alloy is also related to the cooling pro-
cess, and the maximum magnetostriction is found at the (fcc + bec)/bee
phase boundary (Fig. 3 d). The results show that the magnetostrictive
enhancement is caused by the precipitation of fcc Co-rich grains into the
bce a-Fe matrix, which is the same as the precipitation of DO3 in Fe-Ga
alloy [106]. It was also reported that the maximum strain in Fe-Co films
could reach 130 ppm, which was attributed to the softening of elastic
modulus in the alloys with high Co percent [63]. Moreover, Wang et al.
developed a CoFeC alloy film with a high saturation magnetostrictive
constant of 75 ppm, a high voltage electromagnetic coefficient of 10.3
ppm/Oe and a low coercivity lower than 2 Oe. The high saturation
magnetostrictive constant and piezoelectric coefficient were caused by
the coexistence of cubic phase and amorphous phase in the center of the
nanocrystalline [107].

3.2.3. Fe-Pd alloys

Fe-Pd alloys have attracted extensive attentions in micromechanical
and intelligent material systems controlled by magnetic fields due to
their unique martensitic transformation and shape memory effects
[108]. More recently, they have come into view again because of their
excellent magnetostrictive properties under low magnetic fields. Ren
et al. found a low-field-triggered large magnetostriction in Fe-Pd alloys,
which showed a magnetostrictive strain of 800 ppm at a saturation field
of 0.8 kOe when the concent of Pd was 32.3 at.% [64]. Moreover, Kubota
et al. also found a large magnetostriction about 650 ppm in
rapid-solidified Fe-29.6 at.% Pd alloy [109]. The large magnetostriction
of Fe-Pd alloys is mainly due to two reasons: one is that magnetic field
influences the reorientation of martensite twins and the other is the
martensitic transformation in Fe-Pd alloys.

3.3. Magnetostrictive rare earth-based alloys

3.3.1. Tb-Fe alloys and Dy-Fe alloys

In the 1960s, it was discovered that most of the rare-earth metals
exhibited great magnetostriction below Tc, but their Tc were much
lower than room temperature and showed low magnetostriction at room
temperature [110]. Therefore, many studies have been done to develop
alloys possessing large magnetostriction with higher Tc. Clak et al.
increased the Tc of heavy rare-earth metals Tb and Dy by alloying
magnetic transition metals Fe, Co and Ni. Moreover, the resulting TbFe,,
DyFe, and other binary rare earth compounds exhibited cubic Laves
structure [111,112]. The room temperature magnetostriction value of
TbFe, single crystal was more than 2600 ppm along the easy magneti-
zation direction <111> [113]. However, TbFe; and DyFe; alloys in
cubic Laves structure had large anisotropy which indicated that they
could produce large magnetostrictive strain only under the action of a
large magnetic field (more than 800 kA/m), which limited their prac-
tical applications [65].

3.3.2. Tb-Dy-Fe alloys

The magnetostrictive Tb-Dy-Fe alloys are generally written as
Tb;_,DyxFe, where x defines the concentration of Dy. And when x = 0.7,
the Tbg 3Dy 7Fes alloy, which is generally called Terfenol-D, owns the
lowest room temperature anisotropy [114]. The saturation magnetiza-
tion field of Terfenol-D is less than 80 kA/m, which is much smaller than
those of TbFe; and DyFe; alloys [115]. The reason is that the magnetic
anisotropy of Dy and Tb is similar in magnitude but opposite in direction
at room temperature. Therefore, the addition of both Dy and Tb to Fe
matrix leads to much low anisotropy and large magnetostrictive strains
of Terfenol-D at room temperature. Moreover, recent studies have
shown that Terfenol-D possessed positive magnetostrictive strains in
excess of 2000 ppm after heat treating in a strong magnetic field. And
the change in magnetostriction is linked to the alteration of the light and
dark contrast in the domain image induced by high magnetic fields [66].
Nowadays, Terfenol-D is the most widely used magnetostrictive
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materials in various fields, such as sonar systems, high-power ultra-large
ultrasonic devices, precision control systems, various valves and so on.
However, the wider application of Terfenol-D is seriously limited by the
presence of high eddy current loss when the frequency is above a few
kHz. Wan et al. studied the magnetostrictive properties of
Terfenol-D/epoxy and piezoelectric lead-zirconate-titanate [Pb
(Zro 52Tig.48)03]/epoxy composites under AC and found that the eddy
current loss of this composite was negligible when the frequency as high
as ~200 kHz due to the effective ME coupling between the two com-
ponents [116]. In another study, the number of 180° domain walls in
magnetostrictive material was increased by the oblique field annealing
method, which reduced the eddy current loss of the magnetostrictive
material at high frequency (especially effective in the frequency range
around 50 Hz - 20 kHz) [117]. In addition, the high price, high
magnetization field, brittleness and difficulty in machining should also
be concerned for the applications of Terfenol-D [115].

3.4. Magnetostrictive ferrite materials

Ferrite materials are composite oxides consisting of iron oxides and
one or more other metal oxides. Most of the ferrite materials have strong
magnetism, high electrical resistance and low eddy current losses. And
further studies showed that some ferrite materials exhibited well
magnetostrictive strains together with high Tc [118,119]. Because of
these excellent properties, ferrite nanoparticles have been widely used
in permanent magnets, drug delivery, microwave devices and
high-density information storage [120]. Many experiments have been
done to study the different components of ferrite materials. It was found
that most ferrite materials exhibited small magnetocrystalline anisot-
ropy constant and magnetostrictive strain [121]. However, cobalt ferrite
showed different characteristics with larger magnetostrictive strain and
controllable magnetocrystalline anisotropy constant [45]. In 2007, the
magnetostrictive strain of sintered cobalt ferrite was found to reach
—197 ppm [68], and subsequent research reported a magnetostrictive
strain of —400 ppm for polycrystalline cobalt ferrite [122]. Based on
these characteristics, researchers have been full of expectations for co-
balt ferrite magnetostrictive materials to replace rare earth magneto-
strictive materials.

4. Preparation and measurement methods of magnetostrictive
alloys

4.1. Preparation methods

The magnetostrictive properties of the materials are closely related
to their microstructure [123,124]. Since the 1970s, magnetostrictive
materials have been prepared by directional solidification, rolling,
bonding, etc. and the microstructure of materials can be optimized by
selecting appropriate preparation method to obtain magnetostrictive
materials with better properties [125].

(1) Directional solidification methods

Directional solidification is the most commonly used method for
preparing metallic magnetostrictive materials, such as Fe-based and rare
earth-based magnetostrictive materials. This method can be used to
prepare polycrystalline magnetostrictive materials with large size, reg-
ular surface, uniform axial composition and properties. Directional so-
lidification methods are based on the principle of competitive grain
growth to obtain large magnetostrictive materials with preferred
orientation. The columnar or even single crystal can be obtained by
directional solidification, which greatly improves the magnetostrictive
properties of materials [126-128]. Directional solidification methods
mainly include floating zone method, Czochralski method, and Bridg-
man method according to specific processes [114].

The floating zone method (Fig. 4 a) is the main preparation method
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Fig. 4. Schematic setups for directional solidification methods. (a) Floating zone method, (b) Czochralski method, (¢) Bridgman method.

(2) Rolling method

of small size magnetostrictive materials [129]. It can not only avoid the
contamination of crucible to raw materials, but also reduce the burning
loss of elements. However, this method has two main shortcomings. One
is that it is difficult to get fault-free crystals due to the complex interface
between the melt and crystal. The other is the high cost because this
method requires high pure polysilicon rods as raw materials [130]. The
main advantage of Czochralski method (Fig. 4 b) is that the crystal
growth can be directly observed and the crystal diameter can be
controlled. What’s more, comparing with other crystal growth methods,
the crystal grows faster with lower crystal dislocation density and higher
optical homogeneity [131,132]. For Bridgman method (Fig. 4 c), if the
moving speed of induction coil and the critical solidification speed are
controlled properly, high performance magnetostrictive rod can be
fabricated [101]. This method is highlighted by the capability of pre-
paring large diameter materials [133]. However, it is easy to cause the
loss of raw materials due to the slow downward pumping during the
heating process [134].

Rolling method (Fig. 5 a) drags the alloy into the roll gap via the
friction between the roll and the alloy, so that the alloy is compressed,
resulting in a reduced section and an increased length [135]. The rolling
method is mainly used in magnetostrictive Fe-based alloys (such as

Fe-Ga alloys, Fe-Al alloys, etc.) with good plasticity and ductility, and
the prepared magnetostrictive sheet materials exhibit relatively lower
loss of eddy current in use [38,56]. At the same time, the rolling method
has the advantages of high efficiency, low cost and obvious orientation
[56,136,137]. But the stable forming and texture optimization is still an
important issue in the production of magnetostrictive sheet materials by
rolling method.

(3) Rapid quenching method

Rapid quenching method (Fig. 5 b) is a rapid cooling and non-
equilibrium solidification method, and usually used to prepare magne-
tostrictive thin strips. Firstly, uniform as-cast alloys are obtained by
vacuum non-consumable arc furnace melting. Samples less than 10 g are
cut out from as-cast alloys and loaded into quartz glass tubes with 1 mm
round holes at the bottom. The alloy is melted by induction heating to
about 1300 °C in a vacuum strip-throwing furnace from quartz tips with
argon or other inert gases. The nozzle sprays to the surface of the copper
roll rotating at a high speed. The melt cools instantly and solidifies
rapidly after contacting the roll surface and the melt sprays forward to
form a thin strip by the centrifugal force of roll rotation. During the
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process of extreme solidification of the thin strip, there are large stress
gradients and temperature gradients on the free surface and the roll
surface. Consequently, columnar crystals with orientation <100> can be
formed and make an important contribution to the large magnetostric-
tion [38,138]. Some rare earth-based and Fe-based materials are
commonly prepared by rapid quenching method. He et al. prepared
FeGaPr alloy by using rapid quenching method and the magnetostrictive
coefficient of the alloy reached —800 ppm, which was far higher than
that obtained by conventional as-cast method [139,140].

(4) Bonding method

Bonding method (Fig. 5 ¢) appeared in the 1970s and refers to the
process of mixing alloy powders, which are smelted and grinded by
electric arc furnace, with binders such as resin plastics or alloys with low
melting points, and then pressing, extrusion or injection moulding to
form composite materials of a certain shape [141]. Although the addi-
tion of binders may cause the change of material composition, as well as
the density and magnetic properties of the material [142], the bonding
method has the advantages of simple process, high utilization of raw
materials, and low cost. And magnetostrictive materials with complex
shape can be prepared by using bonding method. At the same time, both
the resistance and the high frequency characteristics of the magneto-
strictive materials can be improved by the binders [143].

(5) Magnetron sputtering method

Magnetron sputtering (Fig. 5 d) is a method of filling argon in high
vacuum, applying several hundred V DC voltages between cathode and
anode, and producing magnetically controlled abnormal glow discharge
in coating chamber, which ionizes argon. It is capable of growing films
at low temperature and the films obtained by magnetron sputtering have
the advantages of strong adhesion and low saturated magnetic field
[144,145]. Allenstein et al. take the advantages of magnetron sputtering
method to fabricate binary Fe-Pd submicron structures for biological
applications which showed good biological properties [146]. However,
it is necessary to make the films more compact and uniform in order to
improve the thermal sensitivity and mechanical properties of the films.
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In summary, it can be seen that the main efforts have been devoted to
developing the preparation methods that can obtain large magneto-
strictive strains. To date, most of the developed preparation methods,
including rolling method, rapid quenching method, and magnetron
sputtering method, etc., commonly oriented for the preparation of thin
sheet magnetostrictive materials. In comparison, bonding method is
suitable for the preparation of composite magnetostrictive materials
with complex shape while directional solidification method is more
suitable for the preparation of large-sized magnetostrictive materials.
One of the future research emphases should be put on exploring the
preparation and applications of magnetostrictive materials with both
large-sized dimensions and excellent magnetostrictive properties.

4.2. Measurement methods

Measurement methods of magnetostriction can be broadly divided
into direct measurement methods and indirect measurement methods,
depending on whether the strain is measured directly or deduced from
other parameters related to the strain [149].

(1) Direct measurements methods

Strain gauge method measures magnetostriction by measuring the
resistance change of strain sensor, which is converted by the
magnetostriction-induced deformation. This method has the advantages
of stable performance, high sensitivity and low price [150]. A typical
setup for strain gauge method is shown in Fig. 6 a [72]. It is a method of
transforming magnetostrictive deformation into resistivity change by
using strain gauge. When the sample deforms, the resistance value of
strain gauge changes accordingly, and the magnetostrictive strain s of
4l = CK4E, in which C is the
structural parameter of strain resistor, R is the original value of strain
resistor, K is the magnification of measurement system [151].

The strain changes of magnetostrictive materials are in the magni-
tude of ppm under the action of magnetic field, which requires very high
sensitivity of the measurement methods. The capacitance dilatometry
method (Fig. 6 b) is capable for measuring small macroscopic changes in
solids and is known for its high sensitivity [152]. White et al. firstly
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developed a three-terminal capacitance dilatometer for magnetostric-
tive measurement in 1961 [153]. Nowadays, three-terminal capacitance
bridges provide a high-resolution measurement approach for magneto-
striction with a precision of 10 in static fields up to 45 T and in pulse
fields up to 60 T [154].

It is a simple method to measure magnetostriction by traditional
optical method, in which the excitation magnetic field is generated by
solenoid and the magnification measurement of micro-displacement is
realized by the combination of mechanical lever and optical lever (Fig. 6
¢) [155]. A superiority of this method is that there is no contact between
the probe and the sample during the measurement [156]. However, this
method has limited measurement accuracy and is only applicable for
materials with relatively large dimensions.

(2) Indirect measurements methods

In 1865, Villari discovered that when iron was magnetized in a
magnetic field, its magnetization curve varied with the stress after
applying a small amount of stress. Villari effect is the inverse effect of
Joule effect and sparks the exploration of indirect measurement
methods of magnetostriction, which involve no direct measurements of
the dimension change [157].

In strain modulated ferromagnetic resonance method (Fig. 6 d), the
signal height obtained by phase-sensitive detection is proportional to the
depth of strain modulation. By comparing the height of the strain
modulated ferromagnetic resonance signal with the height of the
ferromagnetic resonance line, the corresponding magnetostrictive strain
can be obtained. This method has the advantages of high sensitivity,
wide temperature range, and suitable for thin sheet materials.

The small-angle magnetization rotation method (Fig. 6 e) is an ideal
method for measuring the magnetostriction of amorphous materials
[158]. In this method, a static saturate magnetic field (bias field) is
applied on the axial direction of sample. Then, a small AC magnetic field
(driving field) is applied transversely by a solenoid. In this way, the
saturation magnetization of the sample would be rotated lengthwise by a
small angle, which can be converted into the induced voltage in the
sensing coil around the sample. This method is suitable for measuring
small magnetostriction and the magnetostriction of filamentous mate-
rials [159].

5. Biological performance and applications of magnetostrictive
alloys

Biomedical science is a subject that uses the principles and methods
of modern natural science and engineering technology to study the
structure and function of human body and other life phenomena from
the perspective of engineering. Biomedical applications mainly include
biomedical measurement and monitoring, biomedical information pro-
cessing, biomedical treatment, and so on. The different properties of
biomaterials play a crucial role in the aforementioned biomedical ap-
plications. On all account, these materials should have good biocom-
patibility, such as histocompatibility, hemocompatibility, etc., without
toxicity, and would not induce immunological rejections or inflamma-
tory responses. In addition, biomaterials should also be sensitive to
electrical, magnetic, or mechanical signals for biomedical measurement
and monitoring as well as biomedical information processing. For
biomedical treatment, specific therapeutical effects, certain mechanical
properties and biological aging resistance are usually necessary. On this
basis, magnetostrictive materials have aroused considerable interest in
biomedical applications due to their special properties. For example,
they are commonly used as physical sensors for temperature, pressure,
liquid viscosity and flow velocity, and as chemical sensors for pH, car-
bon dioxide [161]. Therefore, many studies have focused on the bio-
logical properties of magnetostrictive alloys, including the cellular
behavior and mechanisms of magnetostriction, as well as the latest ap-
plications of magnetostrictive alloys in remote cell drive, magnetic field
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sensor and wireless implantable device.
5.1. Cellular behavior

5.1.1. Cell viability

Cell viability refers to the percentage of living cells in the total
number of cells after co-culturing with biomaterials. Cell viability can be
influenced by environmental factors, including parameters in cell cul-
ture, stimulations by drugs and growth factors, and responses to various
diseases. The physiological state of cells can be obtained through the
detection of cell viability and the common detection methods include 3-
(4,5)-dimethylthiahiazo(z-y1)-3,5-di-phenytetrazoliumromide ~ (MTT)
method, 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl) -2H-tetrazolium-5-
carboxanilide (XTT) method, and so on. Vargas-Esteve et al. investigated
the effects of Fe-Ga alloy films and microparticles on cell viability by
using macrophages, osteoblasts and osteosarcoma cells [26]. The results
showed that the Fe-Ga alloy films had no effects on the viability of the
three kinds of cells, and no significant differences in cell activity were
found after the Fe-Ga alloy microparticles entered the macrophages
(Fig. 7 a and b). Holmes et al. described the application of three
magnetostrictive materials, including FeggGajy, Fey1Gagg and FeyoNisg.
Mo4B;g alloys, as biodegradable implants [53]. Cytotoxicity results
indicated that Fe4oNisgMo4B1g alloy was not biocompatible while the
degradation products of FeggGajp and Fe;;Gayg alloys showed no
adverse effects on the viability of L929 fibroblasts cells. Moreover, it was
shown that the degradation rates of the magnetostrictive alloys could be
controlled remotely by applying a magnetic field, which caused the
magnetostrictive alloys to generate low-magnitude vibrations that has-
tened their degradation rates. Overall, they presented the great potential
of magnetostrictive alloys as biodegradable, magnetically-controlled
active implants. Other studies also showed that Fe-Pd alloy [162] and
Tb-Dy-Fe alloy were non-toxic with or without external magnetic field,
but Fe-Co alloy was shown to cause a significant decrease in cell
viability within 24 h [163].

5.1.2. Cell proliferation

Cell proliferation is an important physiological function of living
cells and an important life characteristic of organisms [164].Cells pro-
liferate in the form of division. By means of cell division, unicellular
organisms produce new individuals and multicellular organisms pro-
duce new cells to supplement the aging or dead cells. There are many
methods to study cell proliferation, including bromodeoxyuridine
(BrdU), 5-ethynyl-2’-deoxyuridine (EdU) and Cell Counting Kit-8
(CCK-8), etc., among which CCK-8 is the most common used method
for cell proliferation assay. Wang et al. studied the in vitro cyto-
compatibility of three different types of Fe-Ga alloys, including
Feg1Gajg, (Feg1Gajg)ggBa and (FegiGaig)gg 5(TaC)g 5 alloys, as potential
biodegradable metallic materials [165]. And MC3T3-E1 cells exhibited
good adhesion and proliferation behavior on the surfaces of the Fe-Ga
alloys after culture for 4 h and 24 h. Studies on ferrite showed that this
ferromagnetic material had little effects on the proliferation behavior of
cells and cells proliferated normally on the material surface [166],
which was similar to that of Fe-Ga alloys [26]. Besides, a study on
Terfenol-D/poly(vinylidene fluoride-co-trifluoroethylene) composite
films also revealed no effects on cell proliferation, but further studies
showed that the ability of cell proliferation was significantly improved
after the application of an external magnetic field (Fig. 7 c and d) [67].

5.1.3. Cell morphology

Cell morphology is one of the most important factors in evaluating
the biocompatibility of materials. There are many kinds of cell mor-
phologies, such as sphere, polyhedron, spindle and cylinder and there is
a close relationship between the morphologies and function of cells.
Moreover, the physiological state of cells can also be evaluated from cell
morphology. Scanning electron microscopy and fluorescence micro-
scopy are usually used to characterize cell morphology [167,168]. In a
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Fig. 7. (a) Live (green) and dead (red) Saos-

2 cells and (b) percentage of viable macro-
phages, Saos-2 cells and hOBs growing on
top of Fe—Ga alloy films or glass coverslips
(Ctrl). Reproduced with permission from
Ref. [26] Copyright 2017 Elsevier. Repre-
sentative images of pre-osteoblast cultured
after 72 h on Terfenol-D/poly(vinylidene
fluoride-co-trifluoroethylene) composite
films with (c) static and (d) dynamic condi-

Viable cells (%)

Galfenol  Ctrl

film
Macrophages

study of Fe-Pd alloys, after culturing MG-63 cells together with the alloy
extracts for 5 days, the cells exhibited a fusiform or polygonal shape with
spike-like filopodia, indicating the normal growth of cells. Similar ex-
periments were performed to explore the effect of ferrite on cell
morphology, and the cultured Primary fetal human osteoblasts cells
fHOD (406-05f) also showed typical polygonal or spindle morphology
[169]. Moreover, when human osteoblast cells (hOBs) and human
osteoblast-like cell line (Saos-2) were cultured on Fe-Ga alloy films, it
was found that the two kinds of cells could establish focal contact with
the alloy films and showed clear stress fiber profile, indicating good cell
morphology (Fig. 7 e and f) [26].

5.2. Effect mechanisms of magnetostriction on cells

5.2.1. Mechanical stimulus induced by magnetostriction

According to the Joule effect and Villari effect, magnetostrictive
materials can realize the conversion of magnetic energy and mechanical
energy. Under the action of AC or direct current field, magnetostrictive
materials can generate static or dynamic strain, thus resulting in me-
chanical stimulation. Since magnetostrictive strain is obtained by the
function relation between the initial length of the material and the in-
tensity of the applied magnetic field [161], the change of the

Galfenol

188

tions (nucleus stained with DAPI-blue and
cytoskeleton stained with TRITC-red).
Reproduced with permission from Ref. [67]
Copyright 2016 Elsevier. Confocal laser
scanning microscopy (CLSM) images of vin-
culin immunodetection (green), stress fibers
distribution (red) and nuclei staining (blue)
of (e) hOBs and (f) Saos-2 cells grown on
Fe-Ga alloy films. Reproduced with permis-
sion from Ref. [26] Copyright 2017 Elsevier.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Galfenol  Ctrl

film
hBOs

Ctrl

film
Saos-2

corresponding strain can be remotely controlled by magnetic field. In
addition, magnetostrictive strain is generally at the ppm level, so the
resulting mechanical stimulation will hardly cause physical damage to
cells. Therefore, magnetostrictive alloys are expected to play an
important role in biomedical fields.

5.2.2. Effect mechanisms of mechanical stimulus on cells

Mechanical and chemical signals generated at cellular level have
been shown to be closely related to the mutual mechanochemical
transformation pathways (Fig. 8). Both intracellular forces (F;) and
externally applied forces (Fe) can produce mechanical signals that in-
fluence the function of cells (Fig. 8 a). F; can be transferred to adjacent
cells by intercellular junctions or the traction on extracellular matrix
(ECM) adhesion ligands that are bound to integrin receptors. F; in
multiple cells can be coupled either directly through intercellular
junctions or indirectly through solid forces applied to the ECM. F, is
usually applied to cells in the form of shearing, stretching, or
compression. Cells can sense the changes of F, through the deformations
in cytoskeleton and primary cilium, the changes in receptor-ligand
binding and mechanically gated ion channels. The cytoskeleton gener-
ates and transfers forces from membrane proteins to intracellular
structures and influences cellular behavior through a series of
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Fig. 8. (a) The action and transmission mode of F; and F,, (b) the transduction and transformation process of mechanochemical signals. Reproduced with permission

from Ref. [170] Copyright 2017 Nature Reviews Molecular Cell Biology.

mechanochemical signal transduction and transformation (Fig. 8 b)
[170].

Studies have shown that the proliferation and function of cells vary
with different loading methods of mechanical stress. It was reported that
strains below 200 ppm would not stimulate the remodeling of cortical
bone in the human body [171]. Strains between 200 ppm and 2000 ppm
represented the physiological strain level of human bones. Moreover,
when strains exceeded 2000 ppm, the rate of bone formation is faster
than that of bone absorption, leading to bone regeneration [172].
However, a study involving turkeys has shown that a strain signal with
30 Hz and 100 ppm was sufficient to maintain bone mass, and another
study involving rats showed that a strain signal with 2 Hz and 930 ppm
was sufficient to promote bone growth [173]. These results indicated
that the cell response of mechanical stress depends on a combined action
of various factors, including the loading types, magnitude, frequency
and time of mechanical stress. And positive cell response can also be
obtained with mechanical stress at relatively small magnitude if the
loading frequency of mechanical stress is high enough [174].

5.3. Remote cell actuation

In recent years, magnetostrictive materials have aroused great in-
terest for remote cell actuation in biomedical fields. Vargas-Estevez et al.
explored the interactions between external magnetic field driven Fe-Ga
alloy particles and cells. The alloy particles were cultured with macro-
phages and then entered the cells. After applying a static magnetic field,
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the chains of particles were generated on cell membrane and inside the
cells. These chains could be controlled remotely through the magnetic
field vector without affecting the cell morphology (Fig. 9 a and b) [26].
Ribeiro et al. cultured MC3T3-E1 pre-osteoblast cells on
Terfenol-D/poly(vinylidene fluoride-co-trifluoroethylene) composite
films, and a remote controlled magnetic field was applied to generate
mechanical stimulation (up to 110 ppm) during the culture process
(Fig. 9 ¢ and d) [67]. It was found that the mechanical stimulation
increased the number of osteoblasts by about 20%, indicating the
impressive capability of magnetostriction in remote cell actuation.
Furthermore, Hart et al. directly bonded Terfenol-D composites to a pig
tibia, and applied an external magnetic field of 30 Hz and 170 kA/m. A
strain of more than 900 ppm was detected on the bone surface and
demonstrated the effectiveness of Terfenol-D composites to stimulate
bone tissue formation via remote magnetostrictive actuation (Fig. 9 e
and f) [27].

5.4. Magnetic field sensors

Magnetostrictive materials can be used to manufacture special
magnetic field sensors for biological magnetic field measurement. The
measurement of biological magnetic field is an effective noninvasive
method for clinical detection, such as using magnetoencephalography
(MEG) and magnetocardiography (MCG) to study human advanced
brain function [175]. The measurement of biological magnetic field
requires the sensor to have a low detection limit in the low frequency
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Fig. 9. The interaction between macrophage cytoskeleton and Galfenol-based microparticles after magnetic exposure. (a) CLSM reconstructed 3D and (b) orthogonal
image of the same macrophages exposed to the magnetic field for 1 min and cultured for 24 h. One of the macrophages showed 6 Fe-Ga alloy microparticles, 4 of
which inside the red circle and 2 of which pointed by red arrows. Orthogonal projection showed that at least two of these microparticles were inside the cell (yz
image (right) and zx image (bottom)). Microtubules stained in green showed a normal distribution. Nuclei stained with Hoechst were in blue and microparticles
visualized by reflection were seen in white. Reproduced with permission from Ref. [26] Copyright 2017 Elsevier. (c) Terfenol-D/poly(vinylidene fluoride-co-tri-
fluoroethylene) film and (d) corresponding magnetoelastic characterization with o (magnetoelastic coefficient), strain (¢) and voltage (V) values that will be
generated during the dynamic cell culture. Reproduced with permission from Ref. [67]. Copyright 2017 Elsevier. After bonding Terfenol-D composite to a bone and
driven at 30 Hz and 170 kA/m: (e) the strain distribution along longitudinal direction of bone model by finite element analysis, (f) predicted strain from the model
versus gage strain on the bone surface. Reproduced with permission from Ref. [27] Copyright 2012 Smart Materials Research. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

range [176]. The amorphous soft magnetic alloys FeGaB and FeCoSiB
have been developed as magnetic field sensors for biological magnetic
field measurement due to their high magnetostriction and high perme-
ability [177]. Yu et al. developed a MEMS resonant magnetic field sensor
based on AIN/FeGaB bilayer nano plate resonator (Fig. 10 a), which
shows a frequency sensitivity of ~1 Hz/nT and a detection limit of ~10
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nT [60]. Reermann et al. evaluated a thin-film magnetoelectric (ME)
sensor for measuring R-waves in human heart (Fig. 10 b). Taking
advantage of the magnetostrictive properties of FeCoSiB, an exchange
bias stack based on 20 times 5 nm Ta/3 nm Cu/8 nm Mnlr/200 nm
FeCoSiB was sputtered on the bottom side to improve the sensitivity of
the sensor [178]. Moreover, Ren et al. made use of the special properties
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Fig. 10. The applications of magnetostrictive materials in biomagnetic field measurement and wireless implantable devices. (a) 3D schematic of the MEMS resonant
magnetic field sensor based on AIN/FeGaB bilayer nanoplate resonator. Reproduced with permission from Ref. [60] Copyright 2013 IEEE. (b) The ME sensor used for
measuring R-waves in human heart. Reproduced with permission from Ref. [178] Copyright 2018 Elsevier. (c) Model for monitoring and evaluating the degradation
rate of artificial bone and MBS refers to magnetoelastic-based sensor. Reproduced with permission from Ref. [179] Copyright 2018 MDPI. (d) ME heterostructure
consisting of a piezoelectric AIN film and a magnetostrictive FeGaB film. Reproduced with permission from Ref. [182] Copyright 2020 IEEE.

of magnetostrictive materials to develop wireless magnetoelastic sensors
that can monitor and evaluate the degradation rate of artificial bone in
vitro (Fig. 10 c) [179]. These results indicate the great potential of
magnetostrictive materials in improving the detection ability of mag-
netic sensors for biomagnetic field measurements.

5.5. Wireless implantable devices

Conventional electromagnetic based wireless implants are usually
limited by their oversized antennas [180,181]. In comparison, the ME
antenna made of piezoelectric material bonded by magnetostrictive
layer can be miniaturized without causing significant performance
degradation. Rangriz et al. simulated a ME heterostructural antenna
consisting of a piezoelectric AIN film and a magnetostrictive FeGaB film
for wireless link applications (Fig. 10 d). The results showed that the ME
antenna had the advantages of low loss, high matching and high effi-
ciency when used as an implantable devices [182]. In addition, Zaeim-
bashi et al. developed a novel, wireless, ultra-compact brain implantable
device termed NanoNeuroRFID which used a ME antenna of the same
structure with the one developed by Rangriz et al. This device can realize
self-power supply, contactless induction of neural magnetic fields,
communication with external transceivers and other functions [172]. In
a word, magnetostrictive materials have shown great potential to be
used in wireless implantable devices to effectively improve their
performance.

6. Conclusions and prospects

Magnetostriction phenomenon has become a hot research topic in
various fields. In this work, recent studies on magnetostrictive alloys
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have been reviewed with a focus on biomedical applications. A
comparatively perfect theoretical system, including microscopic theory,
has laid a solid theoretical foundation for the development of magne-
tostriction. In addition, researchers have developed a variety of
magnetostrictive materials. Among them, rare earth based alloys with
giant magnetostriction are the most widely used magnetostrictive ma-
terials at present, while the newly emerged Fe-Ga alloys are gaining
increasing attention owing to their good machinability and high
magnetostrictive strain under low magnetic field. Moreover, many
preparation methods have been developed for magnetostrictive mate-
rials with different properties, such as the directional solidification
method for the preparation of large-size block materials, the rapid
quenching method for the preparation of thin film materials, etc. The
diversity of preparation methods provides convenience for the prepa-
ration of magnetostrictive materials used in different occasions. On the
other hand, it has always been challenging to explore the accurate
measurement of magnetostriction. Magnetostriction is commonly
measured by direct methods, in which strain gauge method is one of the
mostly used methods while capacitance dilatometry has relatively
higher sensitivity. Recently, the developed indirect measurement
methods provide an alternative for the precise measurement of
magnetostriction. Furthermore, most magnetostrictive alloys have been
shown to be biocompatible, and magnetostriction is capable of
providing mechanical stimulation by remote regulation, which opens up
new potential directions for magnetostriction in regulating cellular
behavior and various biomedical applications.

However, there are still several challenges of magnetostriction for
biomedical applications. (1) The in vitro and in vivo biocompatibility of
magnetostrictive materials should be systematically studied for
biosafety. Moreover, the existing magnetostrictive materials applicable
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for biomedical applications are still scarce, for example, Terfenol-D has
good magnetostrictive properties but limited machinability and poten-
tial biotoxicity due to the high level of rare earth elements, while Fe-Ga
alloys have shown good extracellular and intracellular response but
their saturated magnetostriction are limited for providing effective
mechanical stimulation. Therefore, more efforts should be devoted to
developing magnetostrictive materials with both good magnetostriction
and biocompatibility. (2) Novel methods should be developed for the 3D
preparation and accurate measurement of magnetostrictive materials
with potential complex shape and internal structure. (3) Further studies
are needed in the precise regulation of magnetostriction for biomedical
applications. (4) Studies on the interactions between magnetostrictive
materials and cells/tissues are still in infancy. Anyway, it is a promising
direction worthy of future research to apply the reciprocating strain
characteristics of magnetostrictive materials in remote cell regulation
and magnetostriction is expected to achieve more breakthroughs and
applications in biomedical fields.
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