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Abstract
The fundamental shear horizontal (SH) wave in thin-walled structures shows appealing features
for structural health monitoring (SHM) applications. Its efficient generation and reception
however remain a critical and challenging issue. Magnetostrictive transducers (MsTs) show
proven ability in exciting strong SH waves due to the high piezomagnetic coefficient of the
ferromagnetic foil. In this study, to investigate the fundamental SH wave generation using MsTs
and their design, a theoretical model is established based on the shear-lag model and the normal
mode expansion method. The coupling of anMsTwith a host plate is achieved by a bonding layer,
whose mechanical property is modelled through the continuous shear stress across the thickness.
The theoretical model is validated using finite element simulations in terms of generation
mechanism and some typical features associated with the fundamental SH wave component.
Meanwhile, wave field is visualized using a 3D Laser scanning vibrometer system. Experimental
results within a wide frequency range show a good agreement with the theoretically predicted
results. Influences of the coil configuration and bonding conditions are further investigated
using the proposed model. The study offers guidelines to system design and optimization
for fundamental SH wave generation in views of guided-wave-based SHM applications.
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fundamental shear horizontal wave, magnetostriction, 3D laser, frequency tuning curve

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

1. Introduction

Guided waves offer appealing properties for structural health
monitoring (SHM) applications due to their long travelling

distance with low energy loss [1–3]. Among various guided
wave modes, the fundamental shear horizontal (SH0) waves
show high potential for the detection of structural defects
owing to several appealing features [4–6]. Firstly, SH0 wave
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mode is non-dispersive, namely the shape of a wave packet
remains unchanged during the propagation in a homogenous
medium [7, 8]. Secondly, particle motion in SH waves is
restricted to the in-plane layer [9], thus offering immunity
to energy leakage into the surrounding liquid environment.
Thirdly, when SH0 wave is reflected from a surface parallel
to the direction of polarization, no mode conversion occurs.
These advantages are conducive to SHM implementation and
facilitate the interpretation of the captured response signals for
damage detection.

Successful implementation of SH0-wave-based SHM
strongly relies on the proper design of the detection system,
with the foremost requirement for effective wave genera-
tion and reception [3]. Well-known wave generation tech-
niques include methods based on piezoelectric transducers or
electromagnetic transducers. Piezoelectric wafer-type shear
transducers [10, 11] have shown proven efficiency and cost-
effectiveness for SH0 wave generation and reception with
different working modes, i.e. d15 [9], d35 [2, 10], d24 [12, 13]
and d36 [4, 14, 15]. However, their capabilities for SH0 wave
excitation are highly dependent on the size of the piezoelectric
transducers and less effective for high-frequency applications.
In contrast, electro-magnetic acoustic transducers (EMATs)
attract increasing attentions due to the flexibility they offer
in choosing excitation frequencies through proper coil design
[16]. The operation of the EMATs involves three mechanisms
via the coupling between the electromagnetic field and the
elastic field as (a) the Lorentz force caused by the interac-
tion between the eddy current and the static magnetic flux
density, (b) the magnetization force between the oscillat-
ing magnetic field and the magnetizations, and (c) the mag-
netostrictive mechanism by the piezomagnetic effect [17]. In
non-ferromagnetic conductive materials, the induced Lorentz
force directly excites SH0 waves. By contrast, in ferromag-
netic materials, the magnetostriction is usually the dominant
mechanism behind SH wave generation when the static field
is parallel to the sample surface. In contrast to the Lorentz
force effect, the magnetostriction is dependent not only on
the excitation current but also on the piezomagnetic coeffi-
cients of the material. The requirement for strong SH0 wave
generation leads to the deployment of the so-called magneto-
strictive transducers (MsTs). MsTs operating in accordance
with the magnetostrictive principle have been used to gen-
erate and measure ultrasonic waves at frequencies ranging
from roughly 20 kHz to 2 MHz, in various waveguides such
as pipes and plates [18–21]. The basic configuration of a typ-
ical MsT contains three components: a permanent magnet
to supply a bias static magnetic field, an AC-current coil to
provide a dynamic magnetic field and a magnetostrictive patch
with high piezomagnetic coefficients to generate shear strains
in response to an applied magnetic field. The deployment of
strong adhesives—like epoxy resin glues—ensures highly effi-
cient strain transfer when the patch is properly surface-bonded
on the host structure. With such a premise, MsT-induced SH0
waves can be used for damage detections in non-ferromagnetic
systems such as aluminium or composite plates.

The performance of MsTs is highly dependent on vari-
ous parameters, including the configuration of the coil, the
magnetostrictive patch, bonding layers and their material
properties and so on. Therefore, system modelling is vital to
simulate the wave generation and propagation process to guide
the choice of various system parameters and eventually the
optimization of the SHM systems. Thompson et al developed
a general analytical framework covering both Lorentz force
and magnetostrictive coupling mechanisms [22, 23]. Inspired
by their work, the design of MsTs were extensively investig-
ated by Ogi et al [24]. Furthermore, a model for the coupling
between the elastic and magnetic fields was proposed to study
the magnetostriction body forces generated in a ferromagnetic
material [25]. Based on that, SH guided waves in a ferro-
magnetic plate induced by the magnetostrictive effect were
explored in [16, 26]. Most existing models mainly focus on the
shear wave generation in ferromagnetic materials where the
excitation force induced by the electro-magnetic field directly
applies on the waveguide. For non-ferromagnetic materials/-
structures, however, a magnetostrictive patch is indispensable
which allows for the transfer of the electro-magnetic field-
induced excitation force to the waveguide through an adhesive
layer. Efforts [8, 27–29] have been made on the investigations
of guided wave generation in non-ferromagnetic plates using
magnetostrictive patch transducers (MPTs), which share sim-
ilar configuration with theMsT used in the present study.More
specifically, Kim et al [30] proposed an equivalent source
model to study the SH wave generation problem by MsT.
Through finite element (FE) model, analyses of the dynamic
magnetic field generated by the coil and the development of the
corresponding equivalent excitation source were performed.
The bonding conditions of the MsT patch, however, was not
the focus in that work. Therefore, a theoretical model cap-
able of characterizing the SH wave generation with an MsT
through an adhesive layer is required. Meanwhile the model
is expected to offer enhanced wave prediction efficiency and
to provide design guidelines of MsT-activated SHM system,
which motivates the present work.

To tackle this problem, a systematic investigation on the
SH0 wave generation in an MsT-activated SHM system—
containing an adhesive layer—is conducted in this paper. A
theoretical model is formulated by considering a magneto-
strictive patch bonded on a plate through an adhesive layer.
The shear-lag model developed by Giurgiutu et al is extended
to solve the SH wave excitation problem [31, 32]. Meanwhile,
the wave propagation is solved by the normal mode expansion
(NME) method. The accuracy of the model is first assessed
through FE validation using typical cases in both time- and
frequency-domains. Experiments are then carried out for fur-
ther validations and phenomenon verifications. Additionally,
the captured Lamb waves in the host plate are also discussed
to better justify the experimental results. With the proposed
theoretical model, guidelines for the MsT system design are
presented, through investigating the meander-line coil con-
figuration and the bonding layer conditions. Finally, the last
section renders concluding remarks.
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Figure 1. Sketch of the wave generation model.

2. Theoretical model

A typical 2D MsT-based SH0 wave generation model, as
sketched in figure 1, is investigated. The meander-line coil
above the magnetostrictive patch is depicted by cross-sections,
in which the red points and blue crosses denote the alternat-
ing current with inverse current directions in the adjacent seg-
ments of the coil. Specifically, the coil configuration is defined
by two parameters, i.e. the periodicity distance D and the fold
number Nf as depicted in figure 1. D describes the distance
between two coil segments in which the currents propagate
along the same direction. Nf denotes the number of the coil
unit, each containing two adjacent segments of the coil. The
length of theMsT isNf ×D= 2a. The dynamic magnetic field
surrounding the coil is produced by the current, being perpen-
dicular to a static magnetic field induced by a permanent mag-
net. Based on the Wiedemann effect of the magnetostriction
principle, shear deformation is generated in the ferromagnetic
material in response to the magnetic field, giving rise to SH0
waves [33].

Three basic elements are considered in the theoretical
model. Firstly, a closed-form solution for the magnetic field in
the magnetostrictive patch is given by accounting for the peri-
odicity of the meander-line coil. The excitation shear strain
is obtained through the analysis of the coupling equations
between the elastic and magnetic fields. After that, the trans-
formation from the shear strain to the surface stress between
the bonding layer and the metal plate is modelled by the
classical shear-lag method. Finally, the NME framework is
introduced to describe the SH0 mode waves generated by the
surface stress. Modal participation factors are used to predict
the frequency-domain features. With a convolution integral,
the time-domain amplitudes (either strain or displacement) of
the SH0 waves in the MsT-activated system are eventually

obtained. In what follows, all these modelling elements are
described in detail.

2.1. Excitation shear strain in magnetostriction patch

Consider an alternating current passing through the coil along
z direction. The calculation of themagnetic field is restricted to
the x–y plane. Prior to equation derivations, several commonly
used approximations are introduced to simplify the analyses.
First, the influence of the skin effect and that of the proximity
effect on the coil conductor are ignored [26]. Second, the time-
dependency of the displacement current density ∂D/∂t inMax-
well’s equations is neglected. The frequency range of interest
(50 kHz–500 kHz in this work) in a typical MsT applica-
tion is relatively lower than 20 MHz. Under such condition,
the current displacement can be considered as permanent
compared to particle displacement. Third, due to the relat-
ively weak dynamic magnetic field, a linear approximation of
the magnetostrictive relation is imposed, in a way similar to
many previous studies [18, 20, 21]. In addition, eddy current
effects in the magnetostrictive patch are deemed negligible,
since the frequency range under investigation is relatively low
[20, 21]. Finally, the volume of the ferromagnetic metal does
not change during the magnetostriction process. In the deriv-
ations, the time harmonic term ejωtis omitted for brevity.
Following these assumptions [33], Maxwell’s equations with
Ampere’s law and Faraday’s law write

∂Hx

∂y
−
∂Hy

∂x
= Jz, (1)

∂Ez
∂x

=−µ0µ̄
∂Hy

∂t
, (2a)
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∂Ez
∂y

= µ0µ̄
∂Hx

∂t
, (2b)

where Hx and Hy denote the magnetic field along x and y dir-
ections, receptively; Jz the current density; Ezthe electric field;
µ0 and µ̄ the free-space permeability and dimensionless relat-
ive magnetic permeability, respectively. With Ohm’s law

Jz = ηEz, (3)

one gets the following governing equations

∂Hx

∂x
=−

∂Hy

∂y
, (4)

(
∂2

∂x2
+
∂2

∂y2

)
Hx− jωηµ0µ̄Hx = 0, (5)

where η is the electrical conductivity. The two-dimensional
solutions to equations (4) and (5) take the form [34]{

Hx =
2I
πa sin

(
πw
D

)
e−2πh/Deqy sin

(
2π
D x

)
Hy =

√
2πδ
D · 2I

πa sin
(
πw
D

)
e−2πh/Deqy cos

(
2π
D x

) , (6)

where I denotes the current flowing in the coil; a the half width
of the patch and h the lift-off, namely the thickness of the air
layer between the meander-line coil and the magnetostrictive
patch.D andw denote the periodicity distance and the width of
the meander-line wire. δ =

√
2/ωηµ0µ̄ is defined as the elec-

tromagnetic skin depth andq≡−(1/δ)(1+ j). Equation (6)
leads to the following observations:

(a) The module of the x-direction magnetic field Hx over-
whelms that of the y-direction magnetic field Hy since
(2πδ/D)≪ 1.

(b) The magnitude of the magnetic field exponentially
decreases as the thickness of the air layer, h, increases.

(c) The presence of the term eqy leads to a drastic magnetic
field impairment along with the penetration depth in the
magnetostrictive patch.

The piezomagnetic coupling equations between elastic field
and magnetic field write [15]{

SD = CTD+dTHD

BD = dTD+µHD
, (7)

where S denotes the engineering strain tensor; T the stress
tensor; H the magnetic field; C the compliance matrix; d
the piezomagnetic strain coefficient and B the magnetic flux
density. The quantities with the subscript D are related to the
applied dynamic magnetic field induced by the meander-line
coils. In this case, two components of HD can be found in
equation (6). A static uniform bias field HS is applied along
the z direction, as shown in figure 1. The effect of HS on the

system is considered in the coupling coefficient d which takes
the matrix form as [35, 36]

d=

 0 0 0 0 d5x 0
0 0 0 d4y 0 0
d3x d3y d3z 0 0 0

 . (8)

Substituting the solution of Hx and the coupling coeffi-
cient matrix (equation (8)) into equation (7) yields the trans-
ducer’s strain εISA induced by the applied magnetic field Hx,
expressed as

εISA = εzx = d5xHx. (9)

2.2. Wave generation

Based on the classical shear-lag model [1], the connection
between the transducer and the host structure is character-
ized by the interfacial shear stress in the bonding layer. The
shear stress intensity and its distribution depend on the relat-
ive deformation of the transducer and the host structure. Two
assumptions are adopted, namely, (a) inertial terms of themag-
netostrictive patch, bonding layer and the metal plate are neg-
lected; (b) the deformation of the bonding layer is simplified
as pure shearing. The shear-lag model is established by formu-
lating the governing equations that include constitutive, geo-
metric and equilibrium equations of the actuator, the bonding
layer and the host structure, respectively.The initial assump-
tion is that the SH wave generates the particle motion along
the z-axis, whereas the wave propagation takes place along the
x-axis. Therefore, the displacement components of vector u of
SH0 waves can be expressed as

u= [ux uy uz]
T
= [0 0 u(x,y, t)]T. (10)

Recalling the governing equation and the linear mechanical
theory, the corresponding stresses and strains in the magneto-
strictive patch write

σMS
zx = GMS

(
εMS
zx − εISA

)
, (11)

εMSzx =
1
2
∂uMS

∂x
, (12)

σh
zx = Ghεhzx, (13)

εhzx =
1
2
∂uh

∂x
, (14)

where superscripts MS and h stand for the magnetostrictive
patch and the host structure, respectively. GMS and Gh are the
shear modulus of the isotropic piezomagnetic material and that
of the host structural metal material, respectively. The equival-
ent forces generated in the three layers can be obtained from
the integral of the thickness of the layers as

τMS =

ˆ

tMS

∂σMS
zx

∂x
dy, (15)
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τ h =

ˆ

th

∂σh
zx

∂x
dy, (16)

and the pure-shear of the bonding layer yields

τ b = Gbγ =
Gb

(
uMS − uh

)
tb

, (17)

where Gb is the shear modulus of the bonding layer. Paramet-
ers tMS, tb and th denote the thicknesses of the magnetostrictive
patch, the bonding layer and the host structure, respectively,
as shown in figure 1. Combining equations (12), (14) and the
double differentiation of equation (17) yields,

εMS
′

zx =
tb

Gb
τ b

′ ′
+ εh

′

zx . (18)

The traction free boundary conditions at both vertical surfaces
of the patch and bonding layer are given as

x=±a,σMS
zx = σb

zx = 0. (19)

Substituting equations (11)–(14) into equation (18) and con-
sidering the relationship τMS = τ h = τ b = τ , one gets the gov-
erning equation to solve the interfacial shear stress as,

∂2τ

∂x2
−Γ2τ =

∂εISA
∂x

. (20)

Considering the boundary conditions and substituting the
excitation magnetic field Hx into the equation (9), and then
into equation (20), the solution can be written as,

τ =−Gb

tb
M0

k2 +Γ2
cos(kx) , (21)

where the parameters M0, Γ and k are defined as,

M0 = kd5x
2I
πa

sin
(πw
D

)
e−2πh/Deqy, (22)

Γ2 =
Gb

tbtMSGh

(ψ+ 1)
ψ

, (23)

k=
π

a
, (24)

ψ =
thGh

tMSGMS
, (25)

2.3. Wave propagation

The in-plane displacement of the SH0 mode wave in the plate
can be assumed as,

uz (x,y, t) = A0ye
iξS0xe−iωt, (26)

where superscript S denotes the symmetric mode and ξ is the
wave number in the x direction. To facilitate the model devel-
opment, the NME framework is introduced to deal with the

Figure 2. Schematic diagram of the FE model.

surface excitation problem [10]. The complex reciprocity and
the model orthogonal relation [37] give

4Pnn

(
∂

∂x
− iξ̃n

)
an (x)− ṽn (d) · τ (x) = 0, (27)

with

Pnn =
1
4

ˆ d

−d

[
ṽn (y) ·Tn (y)+ vn (y) · T̃n (y)

]
· x̂dy, (28)

where an (x) represents the modal participation factor. Here vn
and Tn denote the wave velocity and the wave stress, respect-
ively. Substituting equation (21) into equation (27) gives,

an (x) =
ṽn (d)
4Pnn

eiξ̃nx

×


− Gb

tb (k2 +Γ2)
kd5x

2I
πa

sin
(πw
D

)
×
[

1

ik− iξ̃n
e(ik−iξ̃n)− 1

ik+ iξ̃n
e(−ik−iξ̃n)

]
∣∣∣∣∣∣∣∣
a

−a

.
(29)

In this work, tone-burst excitations are used. Given a cer-
tain position x0, the frequency response function, G(ω), can
be obtained from equation (29). Subjected to an excitation
signal fe (t), the time-domain displacement responses can be
obtained as,

u(x0, t) = F−1 [F (fe (t)) ·G(ω)] , (30)

where F (·) and F−1 (·) represent the direct and inverse Four-
ier transform, respectively.

Finally, by combining the three aforementioned model-
ling blocks, the whole process of SH0 wave generation and
propagation by an MsT can be simulated, resulting in the tem-
poral signals of strain or displacement at any position over the
plate.
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Table 1. Parameters used in the theoretical and FE models.

Magnetostrictive material

Thickness Density E ν d15 µ̄

0.1 mm 7800 kg m−3 200 GPa 0.4 1.5 × 10−8 m A−1 18 000

Bonding layer

Thickness Length Width Density E ν

0.03 mm 50 mm 50 mm 1060 kg m−3 3.5 GPa 0.33

Aluminium plate

Thickness Length Width Density E ν

2 mm 240 mm 150 mm 2700 kg m−3 70 GPa 0.33

(a) (b)

Figure 3. (a) Twelve-cycle excitation signal with the central frequency at 300 kHz and corresponding time-domain wave response; (b) the
modulus of the wavelet coefficients at 300 kHz.

3. Numerical results and analyses

Numerical studies are carried out with a twofold purpose: to
validate the proposed theoretical model and to ascertain the
designed optimal MsT-activated SHM system with the fre-
quency tuning characteristics. For validation purposes, a 3D
FEmodel is constructed using Comsol Multiphysics, as shown
in figure 2. The colour map represents the shear stress com-
ponent σ13 to illustrate the generated SH waves in the plate.
The length, width and thickness of the host plate are 240,
150, and 2 mm, respectively. The configuration allows for a
proper balance between the signal complexity resulting from
the boundary reflections and the calculation cost. An MsT
patch (50 × 50 mm) is bonded on the top surface of the host
plate through a thin adhesive layer. In addition, infinite ele-
ments are applied to the four edges of the plate model and the
MsT patch to minimize the wave reflection from the bound-
aries. The materials of the MsT patch, bonding layer and host
plate are iron-cobalt alloy, epoxy and 2024-T3 alloy, respect-
ively. The material parameters of each components used in
the simulations are tabulated in table 1. Free quad meshes are
used with the mesh size being smaller than 10% of the shortest
wavelength of interest. Meanwhile, the sampling frequency is
set 20 times the excitation frequency. For consistency, a 12-
cycle tone-burst excitation signal modulated by Hann window
is used in both theoretical and the FE models, as shown in

figure 3(a). The distribution of the excitation magnetic field
in the numerical simulations takes the form of Hx as presen-
ted in equation (6), and the field intensity is set to 1 A m−1.
It is worth noting that the static magnetic field is not directly
simulated in the models but by using a set of carefully selected
piezomagnetic coefficients [35]. As a representative case, the
meander-line periodicity distance D is set to 10 mm in both
the theoretical and FE models.

At first, frequency tuning curves of the SH0 wave sig-
nals are calculated with the FE model at the sensing point
x0 = 180 mm. Excitation frequency is varied from 50 kHz to
550 kHz with a 5 kHz step. The displacement amplitude of
the response at each excitation frequency is extracted. Take
300 kHz case as an example, the 12-cycle excitation signal and
the acquired time-domain signal are normalized and depicted
in figure 3(a). In order to precisely extract the wave amplitude
at different frequencies, complex Morlet wavelet transform is
applied to calculate the modulus of the wavelet coefficients,
as shown in figure 3(b). Evaluating the arriving time and cal-
culating the group velocity (about 3000 m s−1) confirm the
SH0 wave mode of the wave packet. Then, the amplitude of
the wavelet coefficients at the calculated arriving time of SH0
waves is extracted. By assembling the amplitudes at different
frequencies, a frequency tuning curve from the FE simulation
can be obtained to further compare with the one calculated
from the theoretical model, as shown in figure 4. It follows
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Figure 4. Normalized frequency tuning curves of the SH0 wave
mode obtained in the theoretical model and the FE simulations.

that, below 370 kHz, both sets of results exhibit a remark-
ably similar tendency, especially in terms of the positions of
the peak and valley points, demonstrating that the dependence
of the wave amplitude on the excitation frequencies is well
characterized by the theoretical model proposed in this paper.
Since the dynamics of the actuator are not considered in the
theoretical model, the shear-lag solutions are only valid in the
low-frequency range. In addition, in the 3D FE simulations,
the generated SH waves are nonplanar and the wave beam
divergence differ at different frequencies. Therefore, the fre-
quency tuning characteristics will, in principle, be affected by
the sensing positions in the FE simulations. Having said that,
within the frequency range of interest considered in this study,
analyses confirm that the influence of the sensing position is
not significant, especially in terms of the positions of peaks and
valleys from SHM application perspective. Due to these limit-
ations, the lack of agreement at higher frequencies exceeding
370 kHz is observed and understandablewith explanations dis-
cussed in a similar but different context [38].

To further validate the theoretical model in terms of the
temporal, amplitude and phase information, four represent-
ative cases are selected with the excitation frequencies at
200 kHz, 250 kHz, 300 kHz and 370 kHz. The SH-wave
particle displacements at the sensing point x0 = 180 mm are
calculated using the theoretical and the FE models, respect-
ively. Figure 5(a) shows a comparison of the time-domain
responses with the excitation central frequency at 200 kHz.
It can be clearly seen that the two curves match well. Sim-
ilar consistency can also be found in figures 5(b)–(d) with dif-
ferent excitation frequencies. As mentioned before, the slight
discrepancies between the theoretical and simulation results of
the time domain signals in figures 5(b)–(d) are mainly attrib-
uted to the limitation of the shear-lag model, which by nature,
is applicable to the low-frequency range investigated in this
paper due to the omission of the inertial terms. Nevertheless, as
long as the wave propagation and the energy level of the wave
signals are correctly predicted, the accuracy of the phase pre-
diction for SHM applications is not critical since the frequency
content in a conventional used tone-burst excitation signal is
rather narrow. Specifically, when the central frequencies of the

excitation signals are around the valleys of the frequency tun-
ing curve (figure 4), calculations using the proposedmodel and
the FEM both reveal a split of the generated SH0 wave packet,
as shown in figures 5(b) and (d). A plausible explanation can
be made as follows. The sine function excitation signal which
is modulated by Hann window has a certain frequency band-
width near the central frequency. When the central frequency
response is inhibited (right at the valley of the of the frequency
tuning curve), the side-band responses dominate the signals, as
evidenced by the transformed amplitude spectra (FFT results)
shown in figure 6 for 250 kHz case. FFT allows one to better
discern the tiny differences in the weak energy region between
the two main peaks. Generally, the peak region draws more
attention in views of obtaining strong SH waves. However,
the valley regions are still worthy of study when the elimin-
ation of some particular frequencies is required in the SHM
applications.

Therefore, the proposed theoretical model, with the con-
sideration of all necessary basic elements and their inter-
couplings, shows sufficient accuracy to simulate SH0 wave
generation and propagation process and to guide the selection
of the excitation frequency as well as other system parameters
towards a rational SHM system design.

4. Experimental validation

Experiments are carried out for further validations of the pro-
posed model. The experimental set-up is sketched in figure 7.
An aluminium plate of 1000 × 1000 × 1 mm was vertic-
ally suspended using elastic strings to mimic free boundary
conditions. A PSV-400-3D Scanning Vibrometer was used to
collect wave responses from the surface of the plate [39]. A
300 × 300 mm retroreflective patch was surface-bonded to
increase the intensity of the reflected laser beams and signal-
to-noise ratio. An MsT actuator was mounted on the back sur-
face of the plate to avoid any shielding for the measurement
of the wave field near the excitation region. A 52 × 52 mm
iron-cobalt-alloy patch was firstly bonded on the surface of the
host plate using UHU plus 2-component epoxy adhesive. The
length and width of the patch are larger than the area covered
by the meander coil. The meander coil was tightly placed
above the magnetostrictive patch whose thickness is approx-
imately 0.1 mm. The periodicity distance of the meander-line
coil used in the experiments is 10.3 mm. Finally, an 8 T per-
manent magnet was fixed to provide the static magnetic field.
Specifically, an electrical matching network described in [26]
is used to ensure the maximum power transmission from the
power amplifier to the coil and to reduce the current reflected
in the transmission cables.

A 12-cycle tone-burst excitation signal with Hann win-
dow was used in the tests with a central frequency sweep-
ing up to 400 kHz. Considering the frequency range and the
wavelengths of the SH0 mode waves, the mesh size was set
to 2 mm, which is dense enough for the wavefield image. The
scanned area (200 × 80 mm) consists of 6426 measurement
points. The temporal sampling frequency was 2.5 MHz. For
each test, 100 signals were recorded and averaged to reduce
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(a) (b)

(c) (d)

Figure 5. Comparisons of the time-domain responses for the excitation frequency equal to: (a) 200 kHz, (b) 250 kHz, (c) 300 kHz,
(d) 370 kHz.

Figure 6. Comparisons of the frequency-domain responses with the
excitation central frequency as 250 kHz.

the influence of the measurement noise. As a representative
case, figures 8(a)–(d) show the x-direction wavefield images
in which the dominant signals are identified as the SH waves.
In this case, the excitation central frequency is 280 kHz. The
position of the MsT transducer, which is marked by a black
dash rectangular box in figure 8(a). The results illustrate that
the wave packet is generated by the MsT (figure 8(a)), travels

to the upper edge of the plate (figures 8(b) and (c)), and after
the reflection from the upper edge, travels back to the bottom
of the plate (figure 8(d)).

First, the wave field generated by theMsT is evaluated. The
guided waves propagating along y-direction were captured
when considering the pitch-catch configuration between the
MsT and the sensor point. With the help of the 3D Laser sys-
tem, the particle oscillations in the three directions were meas-
ured in a rectangular coordinate. While the x-direction motion
was identified to be the SH waves, the y- and z-direction
motions, if exist, are attributed to the Lamb waves in the
plate. Figure 9 shows the velocity responses along the three
directions at 280 kHz (central frequency of the tone-burst sig-
nal) at x0 = 100 mm. The dominant wave packet has been
identified to be the SH0 mode wave. Through the calcula-
tion of the group velocity, two velocity components at y- and
z-directions are confirmed to correspond to the A0 mode,
demonstrating the existence of Lamb waves in the system.
Due to the finite size of the permanent magnet and the coil,
it was difficult to guarantee that the static and dynamic mag-
netic fields are precisely perpendicular to each other. There-
fore, Lamb wave modes were inevitably generated. A0 waves
were observed to be stronger than the S0 waves. It is worth
noting that the proposed theoretical model only considers the
pure shear deformation of themagnetostrictive patch, no Lamb
wave is obtained in the theoretically predicted results.
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Figure 7. Experimental arrangements: (a) the back of the plate; (b) the front of the plate; (c) sheet coil fabricated by a printed circuit
technique (D = 10.3 mm and Nf = 5); (d) schematic of the experimental set-up.

Figure 8. X-direction wave field for the excitation frequency equal to 280 kHz captured after (a) 16.8 µs; (b) 48.83 µs; (c) 71.09 µs and
(d) 378.52 µs.

Then, the frequency spectra of the three directional oscilla-
tions obtained from the experimental results are normalized to
the maximum value of the x-direction velocities, as shown in
figure 10. The responses in the x-direction are seen to be more
significant than those in the other two directions within the
frequency range of interest. This means the Lamb waves gen-
erated by the MsT have much smaller amplitudes than the SH
waves. Therefore, the components of responses associated to
the Lamb waves can be reasonably ignored in the subsequent
analyses.

Then, the characteristics of the generated SH waves are
assessed using experimental data. As representative cases,
the normalized time-domain velocity responses of the SH
waves at 220 kHz and 280 kHz, obtained from both the pro-
posed model and experimental measurements are compared in
figure 11. The aforementioned wave packet split phenomenon
can be observed from both sets of results in figure 11(a). This
is predicted by the theoretical model since 220 kHz is loc-
ated around the valley region of the frequency tuning curve.
As for the peak region excitation, a single dominant wave
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Figure 9. Velocity responses along the three-directions in time
domain (f0 = 280 kHz).

Figure 10. Frequency spectrum of the velocity field in three
directions obtained from experimental results.

packet obtained from the theoretical model is validated by the
experiment, as shown in figure 11(b). As mentioned before,
the slight mismatching of the wave phase is mainly attrib-
uted to the limitation of the shear-lag model in terms of the
omission of low-frequency-specific inertial terms. As pointed
out earlier, a perfect wave phase prediction is not pursued for
SHM applications. Hereby, the predicated results shown in
figure 11(b) are deemed consistent with the theoretical results
and acceptable from SHM perspective.

Finally, the frequency tuning curves are compared to fur-
ther validate the theoretical model in the perspective of wave
amplitude prediction, as shown in figure 12. The amplitude
of the SH waves reaches the maximum at around 275 kHz
in the experiment, in agreement with the theoretical predic-
tion. In the extremely low frequency region, near-field effect
may contribute to some noticeable discrepancies. As for the
high frequency region, the differences are mainly due to the
same limitation of the shear-lag model discussed previously.
Nevertheless, the developed theoretical model allows accurate
prediction of the frequency tuning characteristics around the
targeted design frequency range of the coil where the amp-
litude is large, which is more relevant to SHM applications.

In summary, some vital SHM promising characteristics,
such as the frequencies to generate the maximum and min-
imum wave amplitude, and the general variation of the fre-
quency tuning curves predicted by the theoretical model, are
validated by experimental results. The theoretical model can
provide the necessary temporal, phase, and amplitude inform-
ation to guide the SHM design.

5. Guidance for MsT system design

The proposed model is further used to investigate the effects
of some key parameters involved in the design of the MsT
to eventually achieve better system performance in terms of
strong SH0 wave generation. Specifically, the coil configur-
ation and the bonding conditions of MsTs are considered as
they can be flexibly tuned.

5.1. Influence of the coil configuration

Two major parameters, i.e. the periodicity distance D of the
coil and its fold number Nf are considered. At first, D is tuned
to illustrate its effect on the frequency tuning curves. With the
material properties tabulated in table 1, the frequency tuning
curves corresponding to D = 10, 5 and 3.3 mm are shown
in figure 13(a). For the first case, the maximum SH0 wave
amplitude is achieved at 312 kHz, consistent with figure 4
as expected. The optimal frequency for the maximum SH0
wave generation obviously increases whenD decreases, along
with a reduction in its maximum amplitude and an enlarge-
ment of the bandwidth, typical of system behaviour due to
frequency increases. Furthermore, by calculating the corres-
ponding wavelength of the SH0 waves for the three optimal
frequencies (9.96, 4.96 and 3.28 mm respectively for the 10,
5 and 3.3 mm coils), an obvious matching between the spatial
period of the coil and the wavelength is observed.

Alongside figure 13(a), the influence of the fold number of
the coil Nf is shown. Setting D = 10 mm, three cases with
Nf = 5, 3 and 1 are considered, giving the corresponding fre-
quency tuning curves in figure 13(b). It can be seen that the
number of the peak and valley points, as well as the maximum
magnitude, increaseswithNf, as a result of the increasingwave
energy enhancement coil after coil. To better show the influ-
ence of the Nf, time-domain responses is further investigated
by considering its correlation with the cycles of excitation sig-
nals Nc. At 300 kHz and D = 10 mm, which closely satisfy
the matching condition for the optimal SH0 wave generation,
the time-domain SH0 responses to different Nf and Nc are
examined. A typical example with and different Nc is shown
in figure 14(a). A larger Nc leads to a significant increase in
the wave amplitude due to the enhanced energy accumula-
tion within the activation area. By extracting the maximum
amplitudes for different Nf and Nc, the correlation between
the two parameters can be visualized in figure 14(b). For the
1-fold coil, the amplitude of the SH0 waves is rather insens-
itive to the excitation cycle. Further increasing Nf amplifies
the signal strength at an increasing rate before asymptotic-
ally converge to a stable value, which is different for different
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Figure 11. Comparison of time-domain responses between theoretical model and experimental model.

Figure 12. Comparison of frequency tuning curves obtained from
experiments (with matching networks) and theoretical model.

Nf. This suggests two important pieces of information which
are useful for system design: (a) increasing the fold num-
ber and the wave excitation cycles would increase the energy
level of the generated SH0 waves; (b) in addition to the spa-
tial matching between the periodicity distance of the coil and
the targeted wavelength, the fold number and wave excitation
cycles should also be matched to ensure a high wave genera-
tion efficiency.

5.2. Influence of the bonding conditions

Bonded on the host plate, the bonding quality of MsT
patches and its influence on the wave generation efficiency are
examined. The proposed model, equation (21), shows that the
influence of the bonding mainly depends on its shear modules
and thickness. They are combined as an interface parameter,
K= Gb/tb in the subsequent analyses. The extreme case of
a perfect bonding with K=∞ is compared with a practical
bonding case with K = 1.5× 1013 Nm−3 (taken from our
measurements with the Gb = 0.45 GPa and tb = 0.03 mm).
Using D = 5 mm and Nf = 5 in both cases, the corresponding
frequency tuning curves are compared in figure 15(a). It can

be seen that the bonding condition mainly affects the amp-
litude of the generated SH0 wave instead of the position of
the optimal frequency, which is understandable from the dis-
cussions in the previous section. To further quantify this, the
influence of the bonding conditions on the generated optimal
SH wave amplitudes for different periodicity distance of coils
is discussed. In practice, the bonding thickness should affect K
more than the shear modulus does since the former has a much
larger variation range (5 µm–100 µm as described in [31]).
Therefore, considering the minor variation of shear modulus
at around 0.5 GPa and the above-mentioned thickness range,
K is varied between 1× 1013 Nm−3 and 10× 1013 Nm−3 to
represent a realistic variation range. An even larger K would
approach a nearly perfect bonding case. The generated optimal
SH wave amplitudes for the three coil configurations are then
extracted and compared in figure 15(b). For differentD values,
the corresponding maximum amplitudes appear at different
frequencies (fmax = 312 kHz for D= 10 mm; fmax = 627 kHz
for D = 5 mm; fmax = 947 kHz for D = 3.3 mm). It can
be seen that, in the realistic bonding region, bonding condi-
tions affect the wave generation more significantly for a smal-
ler periodicity period of the coil, as evidenced by the steepness
of the curves. For the same level of excitation and approaching
the perfect bonding conditions with an extremely large K, the
maximum SH0 wave amplitudes would be getting close, but
discrepant at these corresponding frequencies.

The above findings can be further used to guide the design
of the MsT-based SHM systems. Some remarks would help
better understand the context of the study and possible util-
ization of the model when more realistic factors need to be
considered. Alongside the coil configuration and the bonding
conditions, the configurations of MsT patch might also affect,
but presumably to a less extent, the SH wave generation. First,
the room to tune the patch thickness in practical SHM applic-
ations is very limited with the concern of limiting its effects
on the structure under inspection. This can certainly be further
assessed when a thickness variation range is defined. Second,
as to the size of the patch, it is known that it is the area under
the coil that is mainly responsible for the SH wave genera-
tion. This so-called effective area is modelled in the present
work, and its influence has been investigated in the paper by
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Figure 13. Variation of the frequency tuning curves with respect to different (a) spatial periods of the coil; (b) fold numbers of the coil.

Figure 14. (a) Comparison of theoretical results for the excitation signals with Nc = 5,12 and 20 when f0 = 300 kHz and Nf = 5; (b) the
curves of the maximum signal amplitudes with the changes of excitation signal cycle number.

Figure 15. (a) Frequency tuning curves of realistic bonding and perfect bonding conditions; (b) variation of maximum amplitudes extracted
from the frequency tuning curves against interface parameter K.

changing the number of the coil and the special periodic dis-
tance. In practical implementation where the actual patch size
might be slightly larger than the effective area covered by
the coil, the mechanical effect of the exceeding part (outside
the effective coil area), is deemed negligible due to the thin
thickness of the MsT patch. Third, the bias magnetic field is

applied perpendicularly to the dynamic field to enforce the
Wiedemann effect for the generation of shear deformation.
The strength of the bias effect will only affect the magneto-
striction strength as reflected by the piezomagnetic coeffi-
cients, which involve all properties of the magnetostrictive
material. Despite its obvious influence on the generated SH
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wave amplitude, the frequency tuning characteristics of the
system, in terms of variation with respect to frequencies, are
not affected by this parameter. Finally, the temperature inevit-
ably has certain influence on the system performance in terms
of SH wave generation. However, under the normal operation
condition, its influence is very limited, thus not being con-
sidered in this work.

6. Conclusions

This paper proposes a theoretical model for the prediction of
SH0 wave generation and propagation, activated by an MsT
in an aluminium plate. The coupling of the electromagnetic
and elastic fields, including the adhesive layer, are considered.
Specifically, the mechanical coupling between the magneto-
strictive patch and the host structure is achieved by the stress
transmitting through a thin bonding layer, of which the thick-
ness and shear modulus are considered. The shear-lag model
and the NME method are strategically introduced and applied
to solve the SH0 wave generation and propagation prob-
lem. Validations in terms of both time domain and frequency
domain responses are carefully carried out in a wide frequency
range through both FE simulations and experimental investig-
ations. It is worth noting that, the system resonance is not con-
sidered in this work because the frequency range that under
investigation is much lower than the resonance frequency,
which should be avoided in SHM applications. Finally, with
the proposed theoretical model, the characteristics of coil and
bonding layer, and their effects on the generated SH0 wave at
both the time domain and frequency domain are systematically
investigated.

Results predicted by the proposed model are in good agree-
ment with both FE and experimental results in terms of the
temporal and amplitude features of the generated SH0 waves
at both the peak and valley regions of the frequency tuning
curve. Additionally, the responses obtained from the experi-
ments show that an A0 Lamb wave mode of very small amp-
litude was also generated by the MsT. Through the selection
of the central excitation frequency, however, a relatively pure
SH wave packet can be technically generated and captured.
The parametric analyses show that the SH0 wave generation
is highly related to the coil configuration and bonding condi-
tions, thus providing the essential guidelines for the MsT sys-
tem design to increase the amplitude and signal-to-noise ratio
of the desired mode wave in the plate.

More specifically, the spatial periodicity distance D and
the fold number Nf of the coil can significantly affect the fre-
quency tuning characteristics of a MsT system. For a given
D, a larger coil fold number within the permissible activation
space is always desirable. Meanwhile, the tone-burst excita-
tion cycles should be sufficiently large to further enhance the
magnitude of the generated SH0 waves. Above all, the excita-
tion cycles and the fold number of the coil should be matched
to guarantee a high wave generation efficiency. As for the
bonding conditions, the shear modulus and the thickness of the
bonding layer have no influence on the position of the optimal
excitation frequency. However, they affect the energy level of

the generated SH0 waves. In practical applications, a thin and
stiff bonding layer is always preferred for strong wave gen-
eration. In addition, a larger periodicity distance of the coil
with lower excitation frequency is more robust to the variation
of the bonding conditions due to operational or environmental
uncertainties. This of course would come with a penalty in the
increase of the activation area.

As a final remark, the present model offers a unified plat-
form for physical mechanism exploration, structural design
and eventually system optimization for SH0 wave based SHM
applications. The developed approach allows fast and easy
parametric studies if required. In future work, the limitation of
the proposed model in terms of high frequency response pre-
diction should be addressed. Combining the frequency tuning
characteristics of both SH waves and Lamb waves, the present
model also paves the way forward to the nonlinear SH-wave-
based SHM applications for the incipient damage detection.
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