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A magnetostrictive patch transducer (MPT) is a transducer that exploits the magnetostrictive phenomena
representing interactions between mechanical and magnetic fields in ferromagnetic materials. Since MPT
technology was mainly developed and applied for nondestructive ultrasonic testing in waveguides such
as pipes and plates, this paper will accordingly review advances of this technology in such a context. An
MPT consists of a magnetic circuit composed of permanent magnets and coils, and a thin magnetostric-
tive patch that works as a sensing and actuating element which is bonded onto or coupled with a test
waveguide. The configurations of the circuit and magnetostrictive patch therefore critically affect the
performance of an MPT as well as the excited and measured wave modes in a waveguide. In this paper,
a variety of state-of-the-art MPT configurations and their applications will be reviewed along with the
working principle of this transducer type. The use of MPTs in wave experiments involving phononic
crystals and elastic metamaterials is also briefly introduced.
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1. Introduction

Magnetostrictive transducers operate in accordance with the
magnetostrictive principle. They have been used to generate and
measure ultrasonic waves at frequencies ranging between roughly
20 kHz and 1–2 MHz for nondestructive testing (NDT) of
waveguides such as pipes and plates. This paper reviews the
underlying physics of the magnetostrictive phenomena and the
state-of-the-art magnetostrictive patch transducers (MPTs) with
various applications for nondestructive testing of waveguides.

Magnetostriction is a coupling phenomenon involving a magne-
tization process and dimension/shape change in ferromagnetic
materials such as iron, nickel, and cobalt [1,2]. As illustrated in
Fig. 1(a), a ferromagnetic material exhibits a change in its length
(size) if it is subject to an external magnetic field. The
size-changing effect is called the ‘‘Joule effect’’ [3]. On the other
hand, the ‘‘Villari effect’’ [4] that is illustrated in Fig. 1(b) refers
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Fig. 2. (a) A setup to generate and measure a torsional wave in a ferromagnetic rod
according to the Wiedemann and its reversed effects. (b) The generation and
sensing of a longitudinal wave in a ferromagnetic pipe using magnetostrictive
phenomena.

Fig. 1. Schematic descriptions of (a) Joule effect and (b) Villari effect.
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to the reverse phenomenon such that if there is any change in the
length (size) of a ferromagnetic material, the material induces a
magnetic field. When a ferromagnetic material is subject to a static
magnetic field in one direction and a dynamic field from a direction
orthogonal to the direction of the static field, a shearing deforma-
tion is developed in the material; this phenomenon is called the
‘‘Wiedemann effect’’ [5]. It was originally observed in a
direct-current-flowing rod subjected to a time-varying longitudi-
nal magnetic field as illustrated in Fig. 2(a); Fig. 2(a) is a sketch
of the experimental setup that is used to measure a torsional wave
in a rod, as depicted in [6]. The developed shearing deformation
created by the Wiedemann effect results in a torsional wave in
the rod. In this paper, all of these phenomena, whereby a magneti-
zation process and mechanical deformation are coupled in a
ferromagnetic material—either in sequence or vice versa—will be
referred to as ‘‘magnetostrictive phenomena,’’ unless there is a
need to explicitly distinguish.

The first application of the magnetostrictive phenomena was
possibly made in a magnetostrictive delay line [7,8] and the phe-
nomena have been widely applied in the design of sensors that
measure position, mass, field and others. (Refer to [9,10] for more
comprehensive reviews on this subject.) The development of mate-
rials that exhibit strong magnetostrictive effects, such as
Terfenol-D that is a giant magnetostrictive iron–terbium–dyspro-
sium alloy [11], led to the popularity of actuators, transducers,
and motors which were reliant upon magnetostrictive phenomena
for their operation [12–15]. Studies on magnetostrictive-material
characterization [16] and constitutive modeling [17–21] were also
published.

Since magnetostrictive phenomena were used for the genera-
tion and measurement of guided waves [6,22,23], significant pro-
gress has been made in the development of magnetostrictive
transducers which excite and measure guided waves for nonde-
structive testing (NDT) applications. Compared with other popular
transducers used for NDT, such as piezoelectric transducers,
magnetostrictive transducers have the following advantages: good
sensitivity, durability, the absence of direct wiring to a transducer
or test specimen, long-range inspection, easy implementation, and
cost-effectiveness [24]. Since the operation of a magnetostrictive
transducer involves a magnetic field for the generation and sensing
of mechanical waves in a test specimen, it is often perceived as a
kind of electromagnetic acoustic transducer (EMAT). In a
non-ferromagnetic conductive material which is subject to a static
bias magnetic field, an applied dynamic magnetic field induces the
Lorentz force within it, thereby generating mechanical waves;
the reversed mechanism of EMATs is used to sense elastic wave
motions. In the case of a ferromagnetic material, an applied mag-
netic field induces magnetostriction as well as the Lorentz force,
but magnetostriction is usually the dominant mechanism of ultra-
sonic wave transduction. In this paper, the term ‘‘EMAT’’ will be
used to designate transducers that mainly use the operational
Lorentz-force mechanism, while the transducers that mainly or
solely use the operational magnetostrictive phenomena will be
called ‘‘magnetostrictive transducers,’’ unless stated otherwise.

In Figs. 2–4, a number of transducers and experimental settings
that use magnetostrictive phenomena to generate and measure
elastic waves in waveguides are schematically shown; in Fig. 2,
elastic waves are generated and measured by the magnetostrictive
phenomena of ferromagnetic waveguides. In Figs. 3 and 4, how-
ever, transducers that use thin magnetostrictive patches which
are bonded onto or coupled with waveguides are shown; in these
cases, the magnetostrictive effect and its reverse effect mainly
occur in the patch. Elastic waves can therefore be excited and mea-
sured in both ferromagnetic and non-ferromagnetic waveguides if
magnetostrictive ‘‘patch’’ transducers, as shown in Figs. 3 and 4,
are employed. For convenience, magnetostrictive transducers with
(Figs. 3 and 4) and without (Fig. 2) magnetostrictive patches will be
denoted by ‘‘MPT’’ and ‘‘MsT,’’ respectively.

While this paper is focused on MPTs, it is worth examining the
development of MsTs because the operating principle is basically
the same. Kwun and his colleagues pioneered MsT technology by
demonstrating the generation and measurement of various wave



Fig. 3. Various configurations of magnetostrictive patch transducers (MPTs) that
were developed to generate and measure torsional waves inside a pipe. The axial
dynamic magnetic field is induced by the solenoid coil, while the circumferential
static magnetic field is induced by (a) permanent magnets (� 2010 IEEE. Reprinted,
with permission, from [57]), (b) pre-magnetization, and (c) a toroidal coil wound
over the patch.

Fig. 4. Magnetostrictive patch transducers (MPTs) using (a) figure-of-eight coils
(Reprinted with permission from [83]. Copyright 2007, AIP Publishing LLC) and (b)
planar solenoid array (PSA) (from [84], � IOP Publishing. Reproduced by permission
of IOP Publishing. All rights reserved.) for dynamic magnetic field generation. They
are developed for the transduction of Lamb waves and/or shear-horizontal (SH)-
guided waves in plates.
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modes, ranging from longitudinal and flexural to torsional, in a
steel rod [25]. They also developed MsTs for NDT of wire ropes,
cables, strands, and pipes made of ferromagnetic materials [26–
28]. The basic configuration of an MsT is illustrated in Fig. 2(b). It
employs two solenoid coils, whereby one supplies a bias static
field, and the other either provides a dynamic magnetic field to a
waveguide or measures the induced magnetic field through the
propagation of elastic waves in the waveguide. MsT applications
include dispersion analysis in waveguides [29,30] and defect iden-
tification in steel pipes and tubes [31–34], steel plates with a T
joint [35], and steel cables and strands [36–38]; a particularly
interesting application is condition monitoring of an internal com-
bustion engine [39]. Further developments of MsTs and their char-
acterization were also reported [40–47] including measurement of
bending waves or vibrations [48,49] and an attempt at MsT usage
in a rotating shaft for crack detection [50]. The effectiveness of
magnetostrictive transducers—especially for long-range ultrasonic
inspections of steel waveguides—has been confirmed through the
previously mentioned studies.

For an inspection of a non-ferromagnetic system or when a
higher transduction efficiency is necessary in a ferromagnetic sys-
tem, MPTs that employ magnetostrictive patches can be consid-
ered [51]. Some of the MPTs that have been developed for
pipes/rods and plates are illustrated in Figs. 3 and 4. Because the
patches are usually flexible, they can be easily installed on curved
surfaces such as the cylindrical surfaces of pipes, and they can also
be fabricated quite easily in any desired form. One of the most
attractive features of patch MPTs is their effectiveness in the trans-
duction of non-dispersive torsional (in a pipe) or shear-horizontal
(in a plate) wave modes. Compare the complexity of patch-absent
torsional wave generation (Fig. 2(a)) with the simplicity of
magnetostrictive-patch generation (Fig. 3(a and b)); furthermore,
complicated configurations are typically required to generate tor-
sional wave modes with piezoelectric transducers [52,53].
Numerical wave simulations related to MPTs [54,55] and the
equivalent-circuit modeling of an MPT [56] were also reported.

In terms of MPTs that were developed for the inspection of
pipes/rods, longitudinal or torsional wave modes are the common
MPT modes; several MPTs use the Wiedemann and its reverse
effects for the transduction of torsional waves [24,57–60]. The per-
formance improvement of MPTs is, however, an issue, so studies on
mechanical impedance matching [61], magnetic flux concentration
[62], and phased arraying for the selection of a specific mode [63]
have been conducted. Various MPT applications were also reported
for rotating shafts [64], wire ropes/cables and anchor rods [65],
pipelines with mechanical attachments [66], pipes with axial
cracks [67], and inspections of various defects and imaging [68–
73]. In terms of inspection applications, a method that uses the
Joule effect to generate torsional waves which can be applied for
the inspection of rotating shafts [74] was proposed [75–77], while
a pipe-inspection method that uses in situ magnetostrictive tapes
and torsional waves was also suggested [78].

In terms of MPTs that were developed for plate applications, a
significant advance has been made since the use of magnetostric-
tive patches for ultrasonic wave transduction in plates was first
suggested [79,80]. Regarding plate applications, MPTs can generate
directional [81–85] or omni-directional Lamb and shear-horizontal
(SH) waves [86,87], and Fig. 4 shows some examples of directional
MPTs. Plate-specific MPTs were not only used for imaging [88], but
also for intriguing experiments involving phononic crystal and
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metamaterial plates [89–91], while some modified plate-specific
MPTs can be used to generate bulk SH waves [92,93]. The thin
magnetostrictive patches used for plate-specific MPTs have also
been used for elasticity modulus measurement [94] and structural
health monitoring [95–97].

Sections 3 and 4 will present several types of MPTs that were
developed for pipes (cylinders) and plates, along with their work-
ing mechanisms and applications. Because MPTs are mainly used
to generate and measure waves that are propagated along waveg-
uides, the underlying dispersion relations in waveguides will be
briefly introduced in Section 2. The magnetostrictive principle,
especially in the form of a linearized model, will also be presented
in Section 2.
Fig. 6. Group velocity of the Lamb wave in an aluminum plate for the lowest three
symmetric (S0, S1, S2) and anti-symmetric (A0, A1, A2) modes. Typical mode shapes
of symmetric and anti-symmetric modes in the thickness direction are sketched.
2. Fundamentals

2.1. Dispersion curves in waveguides

Because MPTs are developed to generate and measure strain/s-
tress waves in waveguides such as plates, pipes, and rods, an
understanding of wave-dispersion phenomena in guided waves is
necessary. In the case of an isotropic plate of 2h thickness, the dis-
persion equations, where angular frequency is x and wavenumber
is k, are given as (e.g., [98,99]):ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2

c2
L

� k2

s
� h ¼ np

2
ðn : integerÞ for shear-horizontal waves;

ð1Þ

tanðqhÞ
tanðphÞ ¼ �

4k2pq

ðq2 � k2Þ
2 for symmetric Lamb waves; ð2aÞ

tanðqhÞ
tanðphÞ ¼ �

ðq2 � k2Þ
2

4k2pq
for anti-symmetric Lamb waves; ð2bÞ

where p ¼ x2=c2
L � k2 and q ¼ x2=c2

T � k2. The symbols cL and cT

denote the longitudinal and shear-wave speeds, respectively.
Eqs. (1) and (2) yield an infinite number of wave modes includ-

ing evanescent waves, but we are mainly concerned with
non-decaying waves with real wavenumbers, as we are interested
in the inspection of long-range guided waves. Figs. 5 and 6 show
the dispersion curves for the SH and Lamb wave modes that are
expressed as the relations between the group velocity cg and the
product of frequency and thickness (f � (2h) with f = x/2p). The
mode numbers are denoted by SHn (SH waves), An
(anti-symmetric Lamb waves), and Sn (symmetric Lamb waves),
Fig. 5. Group velocity of the shear-horizontal (SH) wave for varying frequencies in
an aluminum plate. Mode shapes of the lowest two modes (SH0 and SH1) in the
thickness direction are also sketched.
with n = 0, 1, 2, . . .. Sketches of the mode shapes through the plate
thickness are shown in the insets of the figures. From the disper-
sion curves, the cutoff frequencies fc can be also found. As an exam-
ple, f c

SH1 (the cutoff frequency for the SH1 mode) is 1.565 MHz in a
1 mm-thick plate, below which only the SH0 mode can propagate;
likewise, only the SH0 and SH1 modes can propagate if an excita-
tion frequency is lower than f c

SH2 = 3.13 MHz.
The dispersion relation in a pipe of outer radius a and inner

radius b can be similarly found (e.g., [100]). For instance, the dis-
persion relation for the torsional wave mode is given by

J2ðqaÞY2ðqbÞ � J2ðqbÞY2ðqaÞ ¼ 0; ð3Þ

where J2 and Y2 denote the first and second kinds of the Bessel func-
tion of order 2. The dispersion curve for torsional modes in a pipe is
not plotted here because it is similar to the SH wave in a plate. As
shall be shown, MPTs can effectively generate and measure tor-
sional modes in a pipe including the lowest mode that is preferable
for NDT of pipes.

2.2. Magnetostrictive phenomenon

As sketched in Fig. 7(a), an external magnetic field causes the
rotation of magnetic domains in a ferromagnetic material, result-
ing in length change; this phenomenon is the Joule effect [3],
whereas the reverse phenomenon is the Villari effect [4]. In a typ-
ical ferromagnetic material, the relation between the applied mag-
netic field H and the relative length change, i.e., strain (S = DL/L),
looks like the curve shown in Fig. 7(b). One peculiar phenomenon
observed in the curve in Fig. 7(b) is that S has the same sign regard-
less of the sign of H; furthermore, the curves for most ferromag-
netic materials are usually highly nonlinear. These issues must
be properly addressed in designing a magnetostrictive transducer.

To generate mechanical waves in a ferromagnetic material
using the Joule effect, a dynamic magnetic field (HD) should be
applied to a ferromagnetic material. If we assume that HD oscillates
around O at a frequency of x0, the dominant frequency of the gen-
erated mechanical wave would be 2x0, as illustrated in Fig. 7(c),
because the sign of the generated wave is always the same. To
achieve a linear response, a HD value between �DHD and +DHD

should be applied while the total field in a ferromagnetic material
should be centered at point B that is located away from O; there-
fore, an appropriate static bias magnetic field HS needs to be
applied. Under the combined application of HD and HS, the time
history of the resultant strain is sketched in Fig. 7(d). To ensure



Fig. 7. (a) Schematic illustration explaining the Joule effect in a ferromagnetic
material. (b) Typical magnetostrictive curve-related magnetic field (H) and
mechanical strain (S = DL/L). (c and d) Illustrative strain histories when time-vary
magnetic fields (HD) are applied at O and B, respectively.
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linear behavior between the applied magnetic field and generated
strain, DHD must be sufficiently smaller than HS. Optimal values of
DHD and HS for efficient transduction may be found for selected
magnetostrictive materials, desired wave modes, and transducer
configurations. To increase transduction efficiency, compound
materials such as Terfenol-D (an iron–terbium–dysprosium alloy;
saturation magnetostriction = 1000–2000 ppm) and Hyperco 50A
alloy (an iron–cobalt–vanadium soft magnetic alloy; saturation
magnetostriction = 60–70 ppm) may be used, but Terfenol-D
appears too brittle to be used as a base material for magnetostric-
tive patches in MPTs.

To understand the magnetostrictive behavior and derive a lin-
earized magnetostrictive constitutive relation, we consider the
unit volume of a magnetostrictive material under magnetic field
vector H and stress tensor T. If the resultant infinitesimal
magnetic-flux-density vector and infinitesimal mechanical-strain
tensor are denoted by dB and dS, respectively, dUtot, the change
of the total internal energy of the infinitesimal volume, is [101]:

dUtot ¼ dUelastic þ dUmagnetic ¼ TT dSþHT dB: ð4Þ

If an adiabatic condition is considered, the Gibbs free energy
GMS of a magnetostrictive material is written as:

GMS ¼ Utot � TT S�HT B: ð5Þ

From Eq. (5):

dGMS ¼ dUtot � dTT S� TT dS� dHT B�HT dB: ð6Þ

Substituting Eq. (4) into Eq. (6) yields:

dGMS ¼ �dTT S� dHT B: ð7Þ
Because strain components Sij and magnetic flux components Bi

can be expressed as Sij = �oGMS/oTij and Bi = �oGMS/oHi, the follow-
ing relation holds between strain and magnetic field and also
between magnetic flux density and stress:

@Sij

@Hk
¼ @Bk

@Tij
¼ � @2GMS

@Tij@Hk
� dijk ði; j; k ¼ 1; 2; 3Þ; ð8Þ

where d is called the piezomagnetic coefficient. When a material
exhibits magnetostrictive behavior, Eq. (8) states that there is always
coupling between mechanical and magnetic fields. Therefore, S and B
are functions of both T and H, and can be written as:

dSij ¼
@Sij

@Tkl
dTkl þ

@Sij

@Hm
dHm; ð9Þ

dBi ¼
@Bi

@Tjk
dTjk þ

@Bi

@Hl
dHl: ð10Þ

By using Eq. (8) and the definitions of compliance s (inverse of
the elasticity tensor) and permeability l, where sijkl = oSij/oTkl and
lil = oBi/oHl, one can write linearized magnetostrictive constitutive
equations for small or infinitesimal changes in the field variables
(S, T, H, B):

dSij ¼ sijkldTkl þ dijmdHm or dS ¼ sdTþ dT dH; ð11a;bÞ

dBi ¼ dijkdTjk þ lildHl or dB ¼ ddTþ ldH: ð12a;bÞ

When the magnitude of the applied dynamic field is small com-
pared with a static bias field, the following linearized constitutive
relations, which result from Eqs. (11) and (12), can be used:

SD ¼ CTD þ dT HD; ð13aÞ

BD ¼ dTD þ lHD; ð13bÞ

where the subscribed quantities with D are related to the applied
dynamic magnetic field. In this case, the coefficients C, l, and d
can be affected by the applied static bias field. Because the coupling
coefficient d is the key material parameter governing the magne-
tostrictive phenomenon here, the effect of the static magnetic field
on d must be considered for analysis. Also, l is determined from the
nonlinear B–H curve, while it can be assumed that C is not affected
by the applied magnetic field.

We will further examine the specific form of d for typical mag-
netostrictive materials that have been used to make thin magne-
tostrictive patches in MPTs, such as nickel (saturation
magnetostriction = �35 to �50 ppm) and Hyperco. Assuming that
a static uniform bias field HS is applied along the x direction in a
thin patch on the x–y plane (z: patch thickness direction), and that
the applied dynamic field HD is parallel or perpendicular to the sta-
tic field in the x–y plane, the coupling coefficient d appearing in
(13a) can be written in matrix form as [101]:

d ¼
d11 d12 d12 0 0 0
0 0 0 0 0 d35

0 0 0 0 d35 0

2
64

3
75: ð14Þ

In writing the components of d explicitly, we used shorthand
notions (dij instead of dijk). The notation in (14) is consistent with
the shorthand notations for tensor components, whereby
Sij () SI and Tij () TI with ðijÞ ¼ ðxx; yy; zz; yz; xz; xyÞ ()
ðIÞ ¼ ð1; 2; 3; 4; 5; 6Þ; also in (14), (x, y, z) are denoted by (1, 2, 3)
for components of B and H. As a consequence of these shorthand
notations, the contents of Eq. (13) are treated as matrix equations.
The components of Eq. (14) are defined as [102]:

d11 ¼
@f ðHÞ
@H

����
HS

; d12 ¼ �0:5d11; d35 ¼ 3
FðHSÞ

HS
; ð15Þ
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where F is a function describing the one-dimensional magnetostric-
tive relation between H and S that is usually determined
experimentally.

By examining Eqs. (13) and (14), the following observations can
be made: If a dynamic magnetic field (HD)x is applied to a magne-
tostrictive patch in the direction parallel to the static bias field
(HS)x, the normal strain components Syy and Szz (the Szz shown in
a thin patch in Fig. 4 can be ignored) are also generated in addition
to Sxx due to the non-zero value of d12. Alternatively, if the applied
dynamic magnetic field HD is in the y direction (i.e., (HD)y – 0)
under a static bias field in the x direction, non-vanishing shear
strains (e.g., Sxy = S6) are developed in the patch. Usually known
as the Wiedemann effect [5], this phenomenon of shear-strain gen-
eration in a magnetostrictive patch can be used to generate SH
waves or torsional waves when it is bonded onto a plate or a pipe.
When HD is neither parallel nor perpendicular to the direction of
the static magnetic field, both shear and normal strains will be
generated. A detailed analysis for such a case was given in
[55,103,104]. Understanding these basic mechanisms is important
for the design of various MPTs, as demonstrated in the subsequent
sections.
Fig. 8. (a) Experimental setup for crack detection by a magnetostrictive patch
transducer (MPT) using a torsional wave pulse centered at 1 MHz in a pipe and (b)
the measured signal. (� 2010 IEEE. Reprinted, with permission, from [57].)
3. MPTs for NDT applications in pipes and rods

This section reviews MPTs that were developed for applications
in pipes and rods. First, we noted that among longitudinal, bend-
ing, and torsional-guided wave modes in pipes and rods, the tor-
sional wave mode appears to be an attractive wave mode for
NDT applications; the lowest torsional mode is non-dispersive
and its propagation is largely unaffected by liquid content in pipes.
While MPTs can be used to excite all types of guided modes, they
are most widely used to generate the torsional wave of a consider-
able power because the use of popular piezoelectric transducers to
generate this type of wave would require complicated settings.
Most of the discussions here will therefore be focused on
torsional-wave-mode generation, even though MPTs can also gen-
erate longitudinal and flexural wave modes.

Because torsional waves involve a shearing deformation, we
first consider the Wiedemann effect of magnetostrictive patches
for torsional wave generation. Fig. 3 shows three MPT configura-
tions that can be used to generate torsional waves. Typically, a
dynamic magnetic field along the axial (longitudinal) direction is
supplied to the patch by a solenoid coil encircling the patch. In
terms of a static magnetic field in the circumferential direction, it
can be applied to the patch using three different methods: perma-
nent magnets, as depicted in Fig. 3(a); the pre-magnetization
shown in Fig. 3(b); and the toroidal coil of Fig. 3(c). In all configu-
rations in Fig. 3, the static circumferential and the dynamic axial
magnetic fields are superposed to generate shearing deformation
in the patch by the Wiedemann effect. The shearing deformation
of the patch, in turn, induces a torsional wave in the test pipe.
The main difference among the three configurations in Fig. 3 is
the method of supplying a circumferential static magnetic field
to the patch. For this section, the MPT in Fig. 3(a) and its modifica-
tions will be mainly focused, but the MPTs illustrated in
Fig. 3(b and c) will be first discussed.

In all configurations, a magnetostrictive patch is bonded to a
pipe surface with epoxy or coupled by shear couplant with a test
pipe. When epoxy is used for patch bonding, a method to ensure
a sound adhesion should be considered. The simplest method is
to put a weight in the range of a few kilograms on a patch that is
bonded to a plate, or to use sellotape to ensure firm bonding
between a patch and a cylinder or pipe. The use of shear couplant
is often preferred as a means to couple an MPT with a test plate or
pipe when the same transducer needs to be used at several
different locations. Although the wave transmission from the patch
to a waveguide during coupling with shear couplant might not be
as good as the transmission when bonding with epoxy, the former
is comparable with the latter in most applications. We used
Sonotech SHEAR GEL� MAGNAFLUX as a shear couplant in our
experiments [63,91,93].

The transducer in Fig. 3(b) is actually the first MPT used specif-
ically for pipe applications; it was developed by Kwun et al. [24],
who used a circumferentially pre-magnetized, strip-type magne-
tostrictive patch. For pre-magnetization, the patch is rubbed with
a permanent magnet before its installation on a pipe, whereby
the residual magnetization is exploited. (If the patch is
pre-magnetized along the axial direction in a pipe, a longitudinal
wave instead of a torsional wave is generated.) Some successful
applications of this method for structural condition monitoring
and its improvement were reported in [64,66,69].

Alternatively, a toroidal coil encircling the patch can be wound
[58,59,105] to supply a static field with DC current as suggested in
Fig. 3(c), This way, a strong and magnitude-adjustable bias mag-
netic field can be applied. The relative magnitude of the dynamic
magnetic field may therefore be controlled to achieve the most
effective wave transduction; however, the fabrication of the MPT
could be somewhat cumbersome and an elaborate effort is
required in cases of tight coupling with a test pipe.

For the long-term, cost-effective installation of MPTs on a pipe
for vibration testing, Cho et al. [106] proposed the installation of
permanent magnets and pointed out that MPTs equipped with
magnets can generate large actuation power stably and effectively.
The MPT configuration shown in Fig. 3(a) was developed in [57],
and the first successful generation and measurement of torsional
waves in a megahertz frequency range was reported. To generate
megahertz torsional waves, a meander coil was incorporated into
the MPT design. Each ‘‘finger’’ of the coil was separated by half
the wavelength of a target-frequency. Additionally, the installed
permanent magnets provided a stable bias magnetic field for the
strip-type magnetostrictive patch, so a greater quantity of perma-
nent magnets may therefore be needed for larger pipes.



Fig. 9. (a) Illustration of a torsional-wave magnetostrictive patch transducer (MPT) using magnetostrictive strip-patches with the alignment angle of 45� relative to the pipe
axis (proposed in [76]). Modifications using (b) the V-shaped yokes (Reprinted with permission form [77]. Copyright 2005, AIP Publishing LLC) and (c) the tail yokes.
(Reprinted with permission form [78]. Copyright 2006, AIP Publishing LLC.)
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The performance of the MPT in Fig. 3(a) was tested to detect a
crack (width: 0.4 mm, cross-sectional area ratio: 2%) that was arti-
ficially made in a stainless steel tube (diameter = 25 mm, thick-
ness = 1 mm, length = 1000 mm). The experimental setup is
shown in Fig. 8(a) and the measured signal using the same MPT
receiver is shown in Fig. 8(b). For the experiment, the torsional
wave at the center frequency of 1 MHz was used. (See Appendix
A for a more detailed experimental procedure.) Because the lowest
mode is non-dispersive, all of the pulses recorded in Fig. 8(b) are
virtually undistorted. The pulses that appeared at 0.08 and
0.25 ms denote the direct wave from the transmitter and the
Fig. 10. Voltage signal measured by the solenoid. The results with (a) a set of oblique m
shaped yokes [77], and (c) a set of the Z-shaped patches [78]. (Reprinted with permissio
reflected wave from the left end, while the pulse appearing at
0.16 ms is the reflected wave from the crack, which would be dif-
ficult to detect if a lower-frequency wave (e.g., 150 kHz wave) had
been used. Further to the previously mentioned application, the
magnet-installed MPTs that use torsional waves were also success-
fully used for pipe imaging [71,72], wall-thinning detection [107],
and axial crack detection [67].

Most of the MPTs for torsional waves including those sketched
in Fig. 3 operate in accordance with the Wiedemann effect and its
reverse effect; however, by installing magnetostrictive patches of
MPTs at certain angles relative to the longitudinal axis, it is still
agnetostrictive (MS) strips without any yoke [76], (b) a set of strip-patches with V-
n form [78]. Copyright 2006, AIP Publishing LLC.)



Fig. 11. (a) Z-shaped magnetostrictive patch transducer (MPT) installed on the
propeller shaft of a rear-wheel-drive van for torsional vibration measurement and
(b) waterfall diagrams of vibration signals with varying vehicle speeds.

Fig. 12. Photos of the magnetostrictive patches of torsional magnetostrictive patch
transducers (MPTs) using a 3-turn meander coil and the measured signals in an
aluminum pipe. (The center frequency is 1 MHz.) The results (a) before and (b) after
acoustic impedance matching. (Reprinted from [62], Copyright (2011) with
permission from Elsevier.)
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possible to also generate and measure torsional waves by the
Joule/Villari effects. The three configurations developed so far,
including the inaugural development in Fig. 9(a), are shown in
Fig. 9 [75]. Compared with the MPT configurations shown in
Fig. 3, the MPTs in Fig. 9 can be used not only in stationary pipes,
but in rotating shafts as well. The configurations in Fig. 3(a and c)
cannot be used in a rotating shaft because wiring to the MPT coils
interferes with shaft rotation. The configuration in Fig. 3(b) that
requires pre-magnetization could be used for a rotating shaft, but
the issue of the de-magnetization and re-magnetization of the
patch bonded onto the shaft must be properly addressed. The
application of the MPT in Fig. 9 was demonstrated in [74], in which
only a few thin strip-type patches were bonded on a rotating shaft.

To explain the mechanism of the Joule-effect torsional wave
generation in the MPT shown in Fig. 9(a), it is noted that the
strip-shaped patches under both the static and dynamic magnetic
fields supplied by the two solenoid coils would be deformed
mainly along the 45� z0 axis. (In [108], it was found that a
strip-orientation angle slightly less than 45� is more effective.) If
the generated normal strain ez0z0 relative to the primed coordinate
system is transformed into the z–h coordinate system (where h is
the circumferential direction), the resultant field would be domi-
nated by the shear stress component ehz that generates torsional
waves in the shaft.

The transduction efficiency can be substantially increased if the
patches shown in Fig. 9(b) [76] and Fig. 9(c) [77,103] are used. In
Fig. 9(b), two V-shaped yokes connected to the central, slender
strip-type patch serve to concentrate the applied magnetic fields
using the solenoids on the patch. The V-shaped yokes are not
bonded or coupled with a test structure because they should not
contribute to the induction of any strain in a test structure; instead,
they should function only as magnetic paths. A further improve-
ment is the Z-shaped patch (simply called the ‘‘Z-patch’’) shown
in Fig. 9(c). Also in this patch configuration, only the
obliquely-arranged central part of the Z-patch is bonded onto a test
structure because the remaining part only serves to concentrate
the magnetic field; the shape and suggested partial bonding state
of the Z-patch were found to be optimal as confirmed by the topol-
ogy optimization method [103].

To check the performance of the MPTs’ torsional wave genera-
tion that is shown in Fig. 9, pitch–catch torsional wave experi-
ments were performed in an aluminum pipe (outer
diameter = 25 mm; wall thickness = 2 mm) and the results com-
parison is presented in Fig. 10. A comparison of Fig. 10(a and b)
shows that, while the use of a patch equipped with V-shaped yokes
produced larger signals than those of the simple oblique strip-type
patch, the structural vibration of the yokes induced the generation
of undesired wave modes. Interestingly, Fig. 10(b) also shows that
undesirable vibrations disappear if damping materials are used to



Fig. 13. (a) Two magnetostrictive patch transducers (MPTs) used to form an array
transducer. Each MPT employs a 4-finger meander coil. Experiments performed in
an aluminum pipe with torsional wave pulse centered at 200 kHz. The results in (b)
and (c) show the measured signals by a single MPT and an array of two MPTs,
respectively. (� 2013 IEEE. Reprinted, with permission, from [64].)

Fig. 14. (a) Magnetostrictive patch transducer (MPT) for omni-directional Lamb
waves in a plate as proposed. (b) Schematics of static and dynamic magnetic fields
induced by a permanent magnet and coil. (c) Measured signal from MPT for an
excitation Gabor pulse of 430 kHz. (d) The radiation pattern of the MPT (� 2013
IEEE. Reprinted, with permission, from [87].)
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treat the end parts of the V yokes. On the other hand, the MPTs that
employ Z-patches, called ‘‘Z-MPTs’’ in this paper, generate and
measure torsional waves with larger magnitudes and higher
signal-to-noise ratios without needing to undertake the somewhat
cumbersome damping treatment; see Fig. 10(c).

As pointed out earlier, one interesting application of the tor-
sional Joule-effect MPTs is their use in torsional wave/vibration
experiments that are conducted in rotating shafts. As direct wiring
to Z-patches is not needed, the Z-MPT can be used for a rotating
shaft. Also, the Z-MPT uses a solenoid coil that encircles a rotating
shaft, so the output signal from a Z-MPT will not be significantly
influenced by the lateral vibrations affecting the solenoid fill factor.
Fig. 11(a) shows a photo of a Z-MPT installed on the propeller shaft
of a rear-wheel-drive van [109]. The transducer was used to mea-
sure torsional vibrations of the shaft while it was rotating; as mea-
surements should be made during shaft rotation, the wireless
characteristic of the Z-MPT is crucial here. The solenoid coil encir-
cling the Z-patches that are bonded on the shaft is installed in the
automobile subframe. The waterfall plot of the vibration signals for
varying vehicle speeds is shown in Fig. 11(b). A further analysis of
the measured signals indicated that the torsional vibrations were
captured correctly although some bending vibrations were also
sensed.

Returning back to the MPT applications in pipes, it is worth
mentioning a few more studies. If high-frequency torsional waves
in a range of megahertz frequencies need to be generated by tor-
sional MPTs, impedance matching at the interface between the
bare part and the magnetostrictive patch-bonded part of a test pipe
should be considered to avoid any distortion of the generated
waves [61]. Fig. 12(a and b) shows the generated wave signals
before and after impedance matching treatment. The treatment
simply machined small-end regions of the patch for smooth–thick-
ness variations because internal reflections within the patch are
responsible for wave distortion.
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So far, the torsional MPTs were used at frequencies below the
first cutoff frequency. For NDT inspections of smaller defects, the
use of the lowest non-dispersive torsional mode at a higher fre-
quency above the first cutoff frequency can be effective. Kim
et al. [63] presented a method to use two torsional MPTs. The dis-
tance (dT) and time delay (td) between them were simultaneously
adjusted so that the higher mode was rejected and only the lowest
mode was transmitted. Fig. 13(a) shows two torsional MPTs, each
of which employs 4-finger meander coils that are installed on a
13 mm-thick test pipe with a pipe cutoff frequency of 120 kHz.
In Fig. 13(b and c), the experimental result obtained with a single
torsional MPT at 200 kHz is compared with the results of the two
torsional MPTs with dT ¼ td � cg2 and td ¼ k2= cp2 � cg2

� �
, where

cp2
and cg2

respectively denote the phase and group velocities of
the second torsional mode at a test frequency of 200 kHz [63],
respectively. Fig. 13(c) confirms the effectiveness of using two
MPTs with adjusted dT and td for the generation of only the lowest
torsional wave mode.
4. Plate-specific MPTs for NDE applications

Since the possibility of using the magnetostrictive principle for
ultrasonic wave transduction in plates was reported by Kwun et al.
[79,80], several kinds of plate-specific MPTs have been developed.
Fig. 15. (a) Schematic drawing of magnetostrictive patch transducer (MPT) for transd
directions in the patch by the coil and the magnet are also illustrated. (b) Photos of the fab
the generated Gabor pulse centered at 150 kHz. (d) Snapshot of the shear-strain compon
are denoted by r and h, respectively. The SH Gabor pulse at 150 kHz was excited by the
permission form Elsevier.)
The currently-available plate MPTs may be divided into two
types, omni-directional and directional, depending on the
directivity of the MPT-generated waves. The omni-directional
MPTs shown in Figs. 14(a) and 15(a) were developed to generate
omni-directional Lamb waves [86] and omni-directional SH waves
[87], respectively. Fig. 4 shows the directional MPTs that were
designed to transmit the Lamb or SH waves dominantly along
desired wave directions.

Starting with omni-directional MPTs, the omni-directional
Lamb-wave MPT in Fig. 14(a) (subsequently referred to as
‘‘OL-MPT’’ in this paper) is axisymmetrically configured. It consists
of a circular magnetostrictive patch, a cylindrical magnet placed
over the patch center with some distance, and a planar solenoid
coil. In Fig. 14(b), the sketches show the magnet and coil producing
radially-flowing static and dynamic magnetic fields in the circular
patch, respectively. A signal measured during a pitch–catch exper-
iment on a 2 mm aluminum plate is plotted in Fig. 14(c) and, for
the experiment:

� two OL-MPT’s were located 100 mm apart from each other,
� the circular patches of the MPTs of 0.15 mm in thickness and

20 mm in diameter (D) were bonded onto a plate by epoxy,
� the hollow circular coil was made of an enamel-coated wire of a

0.3 mm diameter,
uction of omni-directional shear-horizontal (SH) waves in a plate. Magnetic field
ricated MPT with and without a permanent magnet installed. (c) Measured signal of
ent (eh) in an aluminum plate at t = 35 ls. The radial and circumferential directions
MPT located at the center of the plate. (Reprinted from [88], Copyright (2013) with
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� the outer diameter of the coil was D while its inner diameter
was D/2,
� the Gabor pulse (see Appendix A) centered at 430 kHz was used

as the input signal.

Note that the measured signal in Fig. 14(c) contains no other
guided wave mode except the S0 Lamb wave mode. The patch
and coil sizes were deliberately determined to excite and measure
the desired S0 mode in the most efficient manner; among others,
the wavelength of the second in-plane eigenmode of a freely
vibrating magnetostrictive patch of diameter D was matched with
the wavelength of the target S0 Lamb-wave mode of the test plate
[86]. The omni-directivity of the OL-MPT can be confirmed, as
shown in Fig. 14(d).

Fig. 15(a) shows the configuration of the MPT that was designed
to generate omni-directional SH waves alongside sketches of mag-
netic field directions, while Fig. 15(b) shows photo images of the
transducer; the transducer will subsequently be referred to as
the ‘‘OSH-MPT.’’ As shown in Fig. 15(a and b), the OSH-MPT con-
sists of an annular magnetostrictive patch, a cylindrical permanent
magnet, and a coil positioned over the patch [87] that is specially
wound in the form of a toroidal coil. The magnet supplies a radial
bias magnetic field and the circumferential dynamic magnetic field
of the coil to the patch, as shown in the sketches of Fig. 15(a); this
transducer is therefore operated by the Wiedemann effect. To max-
imize the transduction efficiency of the OSH-MPT, its annular
width (ro � ri) should be equal to half the wavelength of the desired
SH0 mode [87]. Fig. 15(c) shows that only the SH0 wave mode was
excited and measured by the OSH-MPT. The Gabor pulse similar to
the one used for the experiments with the OL-MPT was the input
signal. As it is difficult to generate pure, omni-directional SH wave
modes of a sufficient strength when using other transducers, the
successful generation of SH wave modes through the use of
the magnetostrictive principle should be further explored for
various applications. The simulation result that confirms the
omni-directivity of the OSH-MPT is shown in Fig. 15(d) with a
snapshot of the plotted shear-strain component. The experimental
results in [87] confirm the omni-directivity.

To transmit guided waves in a plate mainly along a target
direction, the MPTs2 [81–83] shown in Fig. 4 can be used. These
directional MPTs also use circular magnetostrictive patches, but
the magnetic circuits are different from those used for the
omni-directional MPTs. In the case of the directional MPT in
Fig. 4(a), the angle (h) between the direction of the bias magnetic
field of two magnets and the direction of the dynamic field of a
figure-of-eight coil can both be adjusted; the angle affects the type
and magnitude of generated wave modes, and in turn, the radiation
patterns of a directional MPT.

An experimental setup with directional MPTs is described in
Fig. 16(a), while Fig. 16(b and c) present the radiation patterns of
the S0 Lamb and SH0 wave modes when the transmitters of
h = 0� (Hs//HD) and 90� (Hs\HD) are used, respectively. For the plots,
pitch–catch experiments were performed with the Gabor pulses
centered at 300 kHz as the input signals. These figures show that
the S0 and SH wave modes are transmitted dominantly along the
directions of the dynamic magnetic field when h = 0� (see
Fig. 16(b)) and h = 90� (see Fig. 16(c)); however, they are always
accompanied by the other modes. For example, in the case of
h = 0�, the transducer generates the dominant S0 mode along the
direction parallel to the dynamic field (indicated by the a = 0�
direction), but it also generates the SH0 mode dominantly along
the direction of a = 45�; the case of h = 90� exhibits similar
2 They were called OPMT’s in earlier works, but they will be called MPT’s in this
paper for consistency.
behavior. For an MPT to be a truly directional transducer, it should
independently generate the S0 or SH wave modes; however, it is
not possible to transmit only the desired mode with this
configuration because the strain field is a tensor field. A
shear-strain field related to other coordinate axes always exists,
even if a strain state at a point is dictated only by normal strain
components relative to certain axes, and vice versa. This observa-
tion can be confirmed immediately because the radiation pattern
of the transducer-derived SH0 mode of h = 0� in Fig. 16(b) is the
same as that of the transducer-derived S0 mode of h = 90�. To over-
come this limitation and reduce the width of the generated wave
beam, the transducer in Fig. 4(b) can be used.
Fig. 16. (a) Schematics for experiments to find the radiation patterns of the
magnetostrictive patch transducer (MPT) shown in Fig. 4(a). Measured radiation
patterns for the excitations when the dynamic (HD) and static (HS) magnetic fields
are (b) parallel and (c) perpendicular to each other. In (b and c), the left and right
figures denote the radiation patterns of the Lamb and shear-horizontal (SH) waves.



Fig. 17. (a) Radiation patterns of the generated SH waves by the magnetostrictive patch transducer–planar solenoid array (PSA–MPT). The center frequencies of the input
Gabor pulses are 250 and 360 kHz. (b) The analytic model used to predict the radiation pattern. The magnetic field distributions in the magnetostrictive patch are illustrated
for the PSA of N = 5 and D = 6.2 mm. (From [84], � IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved.)
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The key for the transducer shown in Fig. 4(b) is the use of a
Planar Solenoid Array (PSA) [83] and the MPT using the array will
subsequently be called ‘‘PSA–MPT’’ in this paper. Note that each
planar solenoid is formed by multiple turns of wires. In particular,
Fig. 4(b) illustrates a PSA–MPT in which the angle between the
static and magnetic field directions is h = 90�. If h = 90�, the PSA–
MPT generates and measures a beam-focused SH wave mode.
Similarly, one can also make a PSA–MPT to generate a
beam-focused Lamb-wave mode by choosing h = 0�. The distance
between the centers of planar solenoids in the PSA should be



Fig. 18. (a) Photo of the experimental setup for plate imaging by planar solenoid
array–magnetostrictive patch transducer (PSA–MPT). (b) Imaging results in a plate
having two artificial cracks. The symbol Np indicates the number of targeting points
of the PSA–MPT. (From [89]; reprinted by permission of the American Institute of
Aeronautics and Astronautics, Inc.)

Fig. 19. (From [111]) (a) Illustration of the imaging experimental setup using
OL-MPT. (b) Photo of OL-MPT installed on a plate having two artificial cracks. (c)
Imaging result.
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adjusted to be half the wavelength of the target wave mode at an
excitation frequency. Consequently, the interference among the
waves generated by multiple planar solenoids becomes construc-
tive among the desired wave modes so that a desired mode with
a narrow beam size can be generated. A minimum of three planar
solenoids was needed to achieve the goals. The radiation patterns
of the PSA–MPT-generated SH0 waves at two different frequencies
are shown in Fig. 17(a). The radiation patterns of the PSA–MPT can
be accurately predicted by using a first-order theory in accordance
with the line-source model depicted in Fig. 17(b). The horizontal
lines appearing in the upper-right sketch in Fig. 17(b) denote the
segments of the circular patch that experienced dominant shear
deformation due to the applied magnetic fields. Using the
line-source model depicted in Fig. 17(b), the signal magnitude
R(r, a, t) picked up by a receiving transducer can be accurately pre-
dicted as [83]:

Rðr;a; tÞ ¼ A0

ffiffiffiffi
2
p

r
e�j xt�p

4ð ÞXN�1

m¼1

ð�1Þm � Lmffiffiffiffiffiffi
rm
p

sin 1
2 kLm sin hm
� �

1
2 kLm sin hm

" #
ejkrm ;

ð16Þ

where rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr sin aÞ2 þ ðr cos a� XmÞ2

q
and hm = tan�1[r sin a/

(r cos a � Xm)]. The definition of r and a can be found in
Fig. 17(b), and N denotes the number of planar solenoids. The
theoretical results in Fig. 17(a) were calculated using Eq. (16).

Due to the unwanted mode rejection capability and
narrow-beam generation capability of the PSA–MPTs, they can be
useful in various applications including imaging. In Fig. 18, the
experimental setup [88] and processed images for the detection
of two 1-mm hole cracks in a 0.8 mm aluminum plate using the
SH0 mode at 360 kHz are shown. We only used a total of four
transducers, where one transducer works as a transmitter while
the three remaining transducers work as receivers. The rectangular
region of the inspection occupying (10, 30) � (10, 30) (unit: cm)
was discretized by NP grid points that the transducers were focused
on. For the experiment, the transducers were located at (0, 0), (0,
40), (40, 0), and (40, 40) (unit: cm) and their focus directions were
automatically controlled with a step motor. Because the PSA–MPTs
have an excellent beam-focusing characteristic, the signal process-
ing for the cracked imaging plate can be relatively simple.

As far as imaging is concerned, omni-directional MPTs can alter-
natively be used instead of highly directional transducers. In
Fig. 19, OL-MPT imaging is shown in the formation of a
phased-array system [110]. Among the transducers shown in the
figure, four of them were used to form a phased-array transmitting
unit and the remaining four MPTs were used as receivers; the exci-
tation frequency was 400 kHz. The advantage of using
omni-directional transducers is that various imaging processing
algorithms have been developed in related fields such as medical
imaging.

Before closing this section, we remark that MPTs can be fabri-
cated in a laboratory, so the production of magnetostrictive trans-
ducers can be tailored for use in new experiments. Recent cases
include elastic wave experiments for phononic crystals [89–91]
and metamaterials [111,112]. Fig. 20(a) shows a giant MPT that
was designed to transmit a 180 kHz plane SH wave, with a beam
width of 150 mm, for the purpose of experiments in a phononic
crystal plate regarding one-sided elastic wave transmission [91].
In Fig. 20(b), the experimental setup for far-field subwavelength
imaging experiments which use the 100 kHz ultrasonic S0 Lamb
wave in a 2 mm aluminum metamaterial plate is shown in [111];
for the experiment, two sources lying within half the wavelength
of the excited Lamb wave should become sufficiently excited to
perform imaging beyond the sub-diffraction limit. Specifically,



Fig. 20. (a) A giant magnetostrictive patch transducer (MPT) designed to transmit a 180 kHz plane SH wave of 150 mm beam width for one-sided elastic wave transmission
experiments in a phononic crystal plate [92]. (b) Experimental setup for a far-field subwavelength imaging experiment using 100 kHz ultrasonic S0 Lamb waves to perform
imaging beyond the sub-diffraction limit. (Reprinted with permission from [112]. Copyright 2006, AIP Publishing LLC.)
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the center-to-center separation distance between the two sources
was 2.47 cm, within which the installation of two
wave-source-producing standard transducers was difficult. (This
distance is smaller than half the wavelength of the S0 wave at
100 kHz.) The transducer shown in the right-hand figure of
Fig. 20(b) was therefore tailor-made, whereby slender magne-
tostrictive waveguides of a 1.3 cm width and 0.15 mm thickness
were prepared, followed by the placement of permanent magnets
and a figure-of-eight coil (as used in the MPT of Fig. 4(a)) over
the waveguides to generate the desired ultrasonic waves.

5. Conclusions

Through a review of various magnetostrictive patch transduc-
ers, this paper argued that an understanding of the operational
magnetostrictive phenomena is important for the design of
MPTs: the Joule and Villari effects represent interactions between
the magnetic field and normal strain (stress), and the
Wiedemann and reverse Wiedemann effects represent interactions
between the magnetic field and shear strain (stress). To develop
transducers that require linear input–output behavior, a static bias
magnetic field is necessary and the magnitude of an applied mag-
netic field should be considerably smaller than the bias field;
therefore, three key components of MPTs are magnetostrictive
patches, coils for dynamic-field supply, and magnets for
static-field supply. (Static field can be also supplied by means other
than magnets.) As dynamic mechanical deformations in magne-
tostrictive patches generate elastic waves in waveguides, an under-
standing of dispersion characteristics in waveguides is essential for
those seeking to design an MPT.

MPTs in cylindrical waveguides such as pipes and cylinders can
actually generate any type of wave mode, but the use of MPTs may
be most attractive for generating high-power torsional wave
modes which would be difficult or cost-ineffective with other
transducers; for this reason, the MPTs for torsional waves were
mainly discussed. Because torsional waves involve shearing strain,
it appears natural to use the Wiedemann effect for their genera-
tion. Torsional waves at frequencies ranging from a few kilohertz
to a megahertz can be successfully generated by using MPTs, but
the generation of high-frequency waves at megahertz frequencies
is still challenging even if meander coils tuned to the wavelength
of a desired wave mode are used. Transducer configurations that
can generate and measure torsional waves by using the Joule and
Villari effects were also reviewed because they can be installed
in rotating shafts. It was also possible to measure low-frequency
torsional vibrations of around a few hundred hertz in the propeller
shaft of an automobile.

In terms of plate-specific MPTs, both omni-directional and
directional MPTs that use circular magnetostrictive patches were
reviewed. Regarding the omni-directional Lamb-wave MPT, how-
ever, our results cover only the lowest symmetric (S0) wave mode;
therefore, further investigation of a method or new MPT that can
generate and measure non-symmetric and/or higher wave modes
selectively may be warranted. The omni-directional SH-wave
MPT operated by the Wiedemann effect was also reviewed. The
transducer uses a unique configuration requiring a toroidal coil
to be wound over the annular magnetostrictive patch. A special
coil-winding technique was needed to provide a uniform magnetic
field in the patch. On the other hand, unidirectional Lamb and SH
waves of very narrow beam widths can also be generated if
planar-solenoid arrays are used to generate dynamic magnetic
field in MPTs. In most plate-specific MPTs, circular patches were
used. The main reason is that compared with other shapes, circular
patch shapes facilitate easy adjustments of the magnetic field
directions even with the single installation of a patch onto a plate.
The magnetic circuit placed over the patch can be easily and freely
rotated to change the beam-focused direction of the generated
wave mode; that is, a different wave mode can be excited and mea-
sured under a single transducer installation and its propagation
direction can be arbitrarily selected. Nevertheless, patches in other
shapes including patches with some inhomogeneity may be inves-
tigated to improve MPT performance and to expand MPT
applications.

MPTs have several advantages such as good sensitivity,
durability, no direct wiring to a transducer or a test specimen
itself, long-range inspection, easy implementation, and
cost-effectiveness; but, they also have some drawbacks. Although
MPTs can be used for wave transduction in ferromagnetic waveg-
uides, it is difficult to concentrate magnetic fields of sufficient
strength mainly on the magnetostrictive patches of MPTs.
Another major difficulty to be overcome appears in
high-frequency (over 1 MHz) wave transduction. Because coils
(especially solenoids) have high impedances ah high frequencies,
the transduction efficiency of MPTs can be poor at higher frequen-
cies. If meander coils are used for megahertz frequency transduc-
tions by MPTs (see Fig. 3(a)), multiple lines should be used. In
this case, the support of a generated wave in the time domain
can be quite long (see Fig. 8(b)) so that signal analysis can be dif-
ficult. Internal wave reflection or ringing within a magnetostrictive
patch can be also an issue in high-frequency transduction.
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Despite the MPT-related drawbacks mentioned above, a critical
advantage that MPTs hold over other transducers such as piezo-
electric transducers is that MPTs are easily tailor-made for specific
goals, which has been demonstrated through experiments in the
new research areas of elastic metamaterials and phononic crystals.
Furthermore, MPTs are cost-effective and the capability to gener-
ate high-powered shear- or torsional-wave modes is very useful.
Considering the growing interest in using and designing MPTs that
has recently surfaced, the availability of more powerful and versa-
tile MPTs is expected in the near future.
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Appendix A. Details of experiments with MPTs

In Appendix, we will present the detailed setting for an experi-
ment with an MPT in a pipe, depicted in Fig. 8(a). Other kinds of
experiments with different MPTs in pipes or plates may be simi-
larly performed.

Fig. 8(a) shows the setup [57] for 1 MHz, torsional-wave-based
pitch–catch NDT experiments performed in a cracked aluminum
pipe of a 25 mm mean diameter and 2 mm thickness. The configu-
ration of the transducer used for this experiment is shown in
Fig. 3(a). The transducer consists of a strip-type magnetostrictive
patch that was wound around the circumference of the test pipe,
two permanent magnets located in the opposite circumferential
direction on the surface of the pipe (their polarities are shown in
Fig. 3(a)), and meander coils with a distance of 1.55 mm between
each finger. The distance is tuned to excite the lowest torsional
wave mode in the pipe. The patch of a 19 mm width and
0.15 mm thickness is made of iron–cobalt alloy (Hiperco 50HS,
Carpenter Technology Corp., Wyomissing, PA). Nickel was also
used to make a magnetostrictive transducer. The size of each neo-
dymium magnet is 25 mm � 3 mm � 3 mm.

For the experiment, a modulated Gaussian pulse or Gabor func-
tion fGp(t) was employed (e.g., [113] for NDT applications):

f GpðtÞ ¼
1

ðp~rÞ
1
4

e�
t2

2~r2 cos gt; ð17Þ

where g is the center frequency and the parameter ~r controls the
spread of the pulse in time. The Gabor-pulse signal input that was
sent to the transmitting MPT was generated by a function generator
(33250A by Agilent Technologies) and amplified by a power ampli-
fier (RAM-5000 by Ritec Inc.) The typical peak-to-peak value of an
input current to the transmitter after amplification is around a
few amperes. The wave signal measured at the receiving MPT was
amplified by a low-noise preamplifier (SR 560 by Stanford
Research Systems (Sunnyvale, CA)) and sent to a digital oscilloscope
(LT-354M, LeCroy). The typical gain for pre-amplification is in the
region of 200–500. To remove white noise, the measured signals
were averaged over the range of 20–200 samples in the case of tor-
sional experiments.
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