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Abstract
Nonlinear guided waves (NGWs) exhibit extraordinary sensitivity to microstructural changes in
materials which are often considered as damage precursors in many structural health monitoring
(SHM) applications. However, these changes are usually very small at the microstructural level,
thus generating weak nonlinear wave components which are prone to or even overwhelmed by
other deceptive and non-damage-related nonlinear sources present in a monitoring system. This
may jeopardize the practical implementation of the NGW-based SHM methodology. To tackle
this problem, this paper proposes a metamaterial filter (meta-filter (MF)), in the form of a patch
to be surface-mounted over the structure under inspection. The MF is designed to purify the
probing waves during propagation before reaching the inspection area through tactical
elimination of non-damage-related nonlinear components from the actuation. Considering
different bonding conditions and the lattice symmetry of the MF, two types of bandgaps,
corresponding to Bragg scattering and local resonances, alongside their respective band
properties are analyzed. Time-domain finite element simulations are carried out to assess the
efficacy of the MF in terms of wave purification in the context of SHM, supported by
experimental validations. The designed MF is deployed in an aluminum strip to detect the
material microstructural changes induced by a thermal ageing treatment. Results demonstrate
the designed MF significantly enhances the detection ability of NGW-based SHM system. Both
locally resonant and Bragg bandgaps can, in principle, be used for wave purification. While the
former requires precise control of the bonding quality of the MF, the latter relies on symmetrical
installation of the MF to ensure a reasonably wide wave filtering range. Considering variability
factors in the implementation of the MF and better immunity to the nonlinearity of the bonding
layers, preference is given to Bragg bandgap for NGW-based SHM applications.

Keywords: nonlinear guided waves, metamaterial, Bragg scattering, local resonance, structural
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1. Introduction

Structural/material damage in engineering structures, which
evolves through different stages starting from microstructural
defects to a more observable stage of macro defects, may
degenerate to catastrophic structural failure without timely
awareness and action. To reduce such risks, structural health
monitoring (SHM) based on guided waves emerges as a prom-
ising technique to deliver online and real-time inspection
capabilities [1, 2]. Conventional linear-guided-wave-based
methods have shown proven effectiveness for macro defect
detection based on wave scattering features [3, 4]. However,
they can hardly cope with the detection of incipient dam-
age related to microstructural changes, which is of para-
mount importance for early decision making in engineering
applications [5, 6].

When probing guided waves propagate and interact with
microstructural defects like lattice anomalies, dislocations,
micro-cracks etc, energy can be shifted from the fundamental
frequency to other frequencies to generate nonlinear compon-
ents, exemplified by the second harmonic generation [7–9].
As a result, nonlinear-guided-wave-based SHM (NGW-SHM)
methods inherently exhibit higher sensitivity to microstruc-
tural defect-related incipient damage than their linear counter-
parts do, as demonstrated on various types of incipient dam-
age under laboratory conditions [10–13]. For example, Yang
et al investigated the second harmonic generation by both
primary S0 and A0 Lamb waves to detect the contact acous-
tic nonlinearity induced by a fatigue crack in a 5005-H34
aluminum plate [10]. Pruell and Kim used the primary S1-
second harmonic S2 Lamb wave mode pair to characterize
the extent of the plastic deformation in 1010-H14 aluminum
plates [11]. Deng and Pei monitored the fatigue process of
an aluminum sheet with the second harmonic Lamb waves
(primary A2-second harmonic S4 mode pair), demonstrating
their high sensitivity to incipient fatigue damage [12]. In addi-
tion, the primary S0-second harmonic S0 Lamb wave mode
pair was successfully used to detect thermal-ageing-induced
microstructural changes in 2024-T3 aluminum plates in our
previous work [13].

In practical applications, incipient-damage-induced higher
harmonic wave components are usually weak due to the
minor material changes in the microstructural level. A pre-
cise and reliable extraction of the damage-related nonlin-
ear wave components is a prerequisite to guarantee the suc-
cess of NGW-SHM techniques. Despite the aforementioned
laboratory demonstrations, the development of off-the-shelf
and reliable NGW-SHM techniques for material microstruc-
tural change detection is still in an embryonic stage. One of
the critical issues is tied with numerous deceptive nonlin-
ear wave components originating from non-damage-related
nonlinear sources mainly from the actuation region. In par-
ticular, a high input level is usually required in any NGW-
SHM system to guarantee the strong excitation of funda-
mental waves for further higher harmonic generation when
interacting with the damage. The unavoidable presence of
these deceptive nonlinear components might overwhelm the
damage-induced nonlinear waves [14, 15]. Taking a typical

NGW-SHM system illustrated in figure 1 as an example, the
nonlinear responses captured by a sensor may result from: (a)
wave actuating part including actuators, bonding layers and
associated electric instruments; (b) waveguide under inspec-
tion and structural/material damage such as material nonlin-
earity and breathing cracks; (c) sensing part including sensors,
the corresponding bonding layers and data acquisition mod-
ules. Compared with the sensing part, the wave actuating part
is more critical due to the higher level of the flowing energy
[14], which requires proper mitigation so that the deceptive
nonlinear components due to the actuation can be minimized
before the waves reach the inspection area.

The problem may potentially be tackled on two fronts: (a)
a best possible system design through proper parameter set-
ting and (b) an effective manipulation of different nonlinear
wave components. The former has been partially addressed
in our previous work [13], which has, to a certain extent,
allowed reducing the non-damage-related adhesive nonlinear-
ity with the help of a theoretical model. However, the model
was unable to consider all possible nonlinear sources and
the determined optimal probing frequency was restricted to
some particular values. This forms the main motivation of
the present work. The basic idea is to embrace the concept
of phononic crystals and metamaterials to achieve tactical
wave manipulations. Specifically, it is expected that a proper
metamaterial device is designed and customized to purify the
guided waves emitted from the actuation area by eliminat-
ing the deceptive nonlinear components before they reach the
inspection area.

Metamaterials, artificial functional media structured on the
subwavelength scale, have shown great promise for elastic
wave manipulation [16–20]. With properly tailored unit cells
and distribution pattern, metamaterials allow constructing
abundant combinations of effective material parameters, thus
leading to many applications such as wave/vibration attenu-
ation [21], mode conversion [16, 22] and wave steering [23],
etc. Despite the extensive works on metamaterials, mainly
in the context of physics and phenomenon discovery, their
exploration in SHM is still scarce. Some relevant efforts
include the design of a metamaterial device for the second
harmonic response filtering [24] and selective mode trans-
mission [25], both mainly focusing on the wave propagation
characteristics without any specific focus on damage inspec-
tion. More closely related to the present topic, Tian et al
presented an interesting work by using the local resonance-
based metamaterial concept to eliminate the second harmonic
responses induced by the non-damaged-related sources and
applied it to the detection of a breathing crack [15]. The dam-
age case considered in that work (a rather localized crack)
is different from the material microstructural changes to be
considered in the present paper. The material microstructural
changes should be weak in level and distributed within an area,
which would give rise to energy shift and accumulation along
the wave propagation. Presumably, this is even more demand-
ing in terms of wave manipulation. In addition, most phononic
crystal components reported in the literature need to be inde-
pendently bonded on the structure to form a lattice [15, 25],
which requires a miscellaneous installation and poses harsh
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Figure 1. Sketch of a typical NGW-SHM system and the metamaterial filter installation.

demand in terms of installation quality. Moreover, it can be
surmised that thematerial nonlinear properties from the adhes-
ive for bonding these phononic crystals might pose extra chal-
lenges to SHM applications.

In this work, a metamaterial filter, called meta-filter (MF)
in short, is designed and investigated. Taking the form of a
lead patch, a pair of MFs will be bonded on both the top and
bottom surfaces of a thin-walled structure through adhesive
bonding layers for SHM between the actuation and inspection
areas. By examining the band structure of the MF assembly,
the influences of the bonding conditions and the lattice sym-
metry of the MF on the bandgaps are analyzed to show the
customized wave filtering capability alongside the underlying
mechanisms. Time-domain finite element studies are carried
out to validate the efficacy of the designedMF in terms of wave
filtering. The material nonlinearity of the adhesive in the MF
assembly is highlighted to show its influence on the nonlin-
ear wave purifying efficiency. Experiments are finally conduc-
ted in the context of material microstructural change inspec-
tion, in which the second harmonic Lamb waves are purified
by the MF and applied to detect the thermal-ageing-induced
material changes in an aluminum strip, as a proof-of-concept
demonstration.

2. Metamaterial filter design and analyses

Previous works have confirmed the quasi-cumulative behavior
of the second harmonic S0 mode Lamb waves with respect to
propagating distance in a wide low-frequency range and their
effective use for material microstructural change inspection
[13, 26]. This work follows the same logic and also focuses
on the low frequency range (typically below 300 kHz for a
2 mm thick aluminum plate) where the selection of the excit-
ation frequency is flexible for the S0 wave generation.

An MF is designed to mitigate the deceptive nonlinear
components generated in the actuation area in order to dis-
cern the nonlinear waves induced by material changes in the
inspection area. The MF is to be installed in the vicinity of
the actuator over the structure under inspection to purify the
NGWs as sketched in figure 1. In the context of SHM, three
requirements are hatched out for the design of the MF: (a) to
conceive an auxiliary device without damaging the structure

under inspection; (b) to filter out non-damage-related nonlin-
ear waves generated by the instrument, actuator, and adhesive
layer in the actuating area; and (c) to allow sufficiently strong
linear probing waves to reach the inspection area so as to entail
effective generation of the damage-related NGWs.

Embracing the concept of bandgap generation in periodic
phononic crystals, an MF, composed of a series of periodic-
ally arranged T-shaped lead patch, is designed to be surface-
mounted on each side of an aluminum plate through adhesive
layers as illustrated in figure 2(a). Some salient points related
to the MF design are summarized as follows. The proposed
design starts with a unit cell. Specifically, the lattice constant
a (the length of the unit cell) is first determined as 4 mm
which, in the present case, is in the sub-wavelength range
with respect to the Lamb wave wavelength under considera-
tion. For practical installation, a base is used to connect the
block scatterers, which results in the T-shaped design of the
lead patch in the unit cell. Since the S0 mode Lamb waves
are used for SHM applications, the patches are symmetrically
bonded on the aluminum plate under inspection. The width
and height of the block are carefully tuned to produce proper
band structures to ensure the effective generation of band gaps
within which waves are prohibited to propagate. As a result,
the designed unit cell contains a pair of T-shaped lead blocks,
a plate segment and the bonding layers in-between as shown
in figure 2(b). The geometric parameters of the lead patches
are listed in table 1. The thickness of the bonding layers is
assumed to be 50 µm. Material parameters such as the mass
density ρ, Young’s modulus E, and Poisson’s ratio v for the
three components are tabulated in table 2. It is worth noting
the nonlinear material elastic properties are not included in the
band structure calculations.

The band structure of the MF assembly (unit cell) is calcu-
lated using COMSOLMultiphysics 5.4. A sufficiently refined
meshing, shown in figure 2(b), is adopted to ensure the accur-
acy of the calculation. The periodicity across unit cells is intro-
duced by applying the Bloch-Floquet boundary conditions on
the left and right edges of the unit cell. By sweeping the wave
number k and searching for frequencies f, the band structure
is calculated and shown in figure 2(c). Two bandgaps (111–
142 kHz for BG1, 193–222 kHz for BG2) are observed within
which no Lamb waves can propagate.
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Figure 2. (a) Sketch of the MF assembly; (b) the unit cell of the MF assembly; (c) band structure of the designed MF assembly;
(d) structural deformation at the cut-on frequencies of the two bandgaps with the color denoting the stored energy density.

Table 1. Geometric parameters of the lead patch (unit: mm).

h1 h2 l1 l2 l3

0.3 1 1 1 2

As mentioned above, the SHM approach, based on low-
frequency second harmonic S0 mode waves, does not need to
target particular frequency because it allows a very flexible
choice of the probing frequency for the inspection of material
microstructural changes. Once the band structure is achieved
with the designed MF, we can simply select a fundamental
frequency within the passband while ensuring that its second
harmonic frequency falls into the stopband. In this case, the
linear waves can pass through the MF while the correspond-
ing nonlinear waves can be eliminated. Therefore, the device
can be utilized as a filter for the NGW-SHM applications.

The observed bandgaps are scrutinized to ascertain their
wave filtering ability, the underlying generation mechanisms
as well as the effects of some factors pertaining to imple-
mentation. The observed bandgaps can be examined from
two mechanisms that are well established in the metama-
terial community: local resonances [27–30] and Bragg scat-
tering [30–32]. For the former, locally resonant elements
sequester energy and prohibit wave propagation, thus leading

to significant wave attenuation along the propagation path.
Therefore, local resonance bandgaps are strongly dependent
on the resonant frequencies of the unit cells but less sensitive
to the spatial periodicity of the resonant elements [29]. On the
contrary, the Bragg bandgaps are the results of multiple waves
scattering and interference between the periodically distrib-
uted elements. Spatial periodicities are either comparable to
thewavelengths [30, 32], or smaller to achieve sub-wavelength
performance. Based on the understanding, bandgaps observed
in figure 2(c) are examined. Structural deformation of the unit
cell at the cut-on frequencies of the two stopbands (marked
by A and B in figure 2(c)) is depicted in figure 2(d) in terms
of the stored energy density. Severe deformation occurs at the
host structure at the cut-on frequency of the first bandgap (A)
with little deformation of the lead blocks, drastically differ-
ent from its counterpart of the second bandgap (B), for which
structural deformation mainly occurs on the local lead bocks
and the adhesive base. This indicates that the first bandgap is
mainly caused by Bragg scattering while the second one by
local resonance.

The influence of the lattice configurations on the bandgaps
is then investigated to better understand the characteristics of
the designed MF. Two key factors, pertaining to the practical
installation of the MFs, are investigated, namely the lattice
symmetry and the bonding thickness.
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Table 2. Material parameters of aluminum, adhesive, and lead.

ρ (kg m−3) E (GPa) v Ā (GPa) B̄ (GPa) C̄ (GPa)

Aluminum 2700 70 0.33 −351.2 −140.4 −102.8
Adhesive 1080 1.31 0.4 −20.9 −8.3 −6.1
Lead 11 370 16 0.42 — — —

Figure 3. Band structures of the MF assembly with different block locations: (a) l1 = 1.5 mm and l2 = 0.5 mm; (b) l1 = 2 mm
and l2 = 0 mm.

2.1. Lattice symmetry

The installation position of the MF patches is first altered
to destroy the afore-assumed symmetry of the metamaterial
lattice with respect to the mid-plane of the plate to mimic the
possible misalignment of theMF patches during their practical
installation. Two representative cases are presented by using
different values of l1 and l2, defined in figure 2(b) and shown
in figure 3. Specifically, we set l1 and l2 to 1.5 mm and 0.5 mm
respectively for the case in figure 3(a) and 2 mm and 0 mm
for the case in figure 3(b) to offset the lattice symmetry. Other
geometric parameters are kept the same as those in the original
case in table 1. By comparing the band structures shown in
figures 2(c), 3(a) and (b), it is evident that the lattice symmetry
has a significant influence on the first bandgap by narrowing it
down but has a negligible impact on the second bandgap. This
is consistent with the nature of the first band as described pre-
viously, since the altered spatial distribution of theMFs affects
the wave interference of the scattering waves so that this Bragg
bandgap is significantly impaired. On the contrary, the altera-
tion in the MF position does not affect the mass and the stiff-
ness of the unit cells so that their local resonance frequencies
remain unchanged. As a result, the locally resonant bandgap
remains unchanged by altering the lattice symmetry. From the
SHM perspective, this means that locally resonant bandgaps
are more robust to the misalignment of the MF patches.

2.2. Bonding thickness

Effects of the bonding thickness of the adhesive on the band
structure of the MF assembly are investigated. In practical
applications, the thickness of the bonding layer is difficult
to be precisely and consistently controlled, with a plausible

range typically from 1 µm to 100 µm [33]. Therefore, two
extreme cases, namely 1 µm and 100 µm, are examined. Sim-
ilarly, other geometric parameters of the metamaterial lattices
remain identical to those used in the original case. Correspond-
ing band structures are shown in figures 4(a) and (b), respect-
ively. Comparisons with the original case in figure 2(c) show
that the bonding thickness affects significantly the locally res-
onant bandgap in terms of both its location and bandwidth,
but only slightly the first Bragg bandgap. This is because the
bonding thickness directly determines the stiffness of the local
resonators (T-shaped block with the adhesive) so that the local
resonance frequencies are affectedwhen the bonding thickness
changes.

To sum up, an MF is designed which shows promise for
wave filtering owing to the creation of two bandgaps, which
correspond to the Bragg scattering and local resonance mech-
anisms, respectively. The Bragg bandgap is sensitive to the
MF installation in terms of lattice symmetry while the locally
resonant one is more vulnerable to the variations in the bond-
ing thickness. If the bonding thickness cannot be precisely and
consistently controlled, the Bragg scattering induced bandgap
is preferred to be used for wave filtering in practical applic-
ations. Misalignment of the MF installation, reflected by the
loss of lattice symmetry, would reduce the bandwidth of the
effective wave filtering.

3. Numerical validation of the designed
metamaterial filter

A time-domain finite element model is developed using
Abaqus considering a pair of symmetric lead zirconate titan-
ate (PZT) actuators bonding on a 2 mm thick aluminum plate,
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Figure 4. Band structures of the MF assembly with different bonding thicknesses: (a) 1 µm; (b) 100 µm.

Figure 5. Physical model used in finite element analyses.

Table 3. Material parameters of PZT used in the FE model.

Mass density Elastic constants Piezoelectric constantsa Dielectric constantsa

ρ E v d2 11 d2 22 d1 12 e11 e22
7650 kg m−3 62 GPa 0.32 −210 pm V−1 472 pm V−1 758 pm V−1 20.1 nF m−1 18.9 nF m−1

a Subscripts 1 and 2 respectively correspond to the x and y directions in the FE model in figure 5.

as sketched in figure 5. Symmetric excitation is applied on
both the top and bottom sides of the plate to reduce the signal
complexity by considering the primary S0-second harmonic
S0 Lamb wave mode pair in the analyses. The size of the PZT
actuator is arbitrarily chosen as 8 mm× 0.5 mm. TheMF con-
tains ten elements as shown in figure 5. The thickness of the
bonding layers in both actuator and MF areas is set to 50 µm.

A series of our previous work demonstrated that the mater-
ial nonlinearity of the bonding layer under the PZT actu-
ator, referred as adhesive nonlinearity, is a common occur-
rence which may overwhelm the damage-induced nonlinear
wave components if the system is not properly designed
[13, 14, 26]. Therefore, adhesive nonlinearity is used as a
typical example of deceptive nonlinear source in the sys-
tem in the subsequent analyses. The damage-related mater-
ial nonlinearity of the plate and the representative non-
damage-related adhesive nonlinearity are therefore considered
in finite element model which are both characterized by the
Landau–Lifshitz model [14] with the stress–strain relation
expressed as

TRR = λtr [E]I+ 2µE+ ĀE2 + B̄tr
[
E2

]
I

+ 2B̄tr [E]E+ C̄(tr [E])2I (1)

where λ and µ are Lamé constants, which are directly linked
to the Young’s modulus E, and Poisson’s ratio v. Ā, B̄, C̄ are
the Landau third-order elastic constants. I is the second rank
identity tensor and the operation tr[ ] represents the trace. TRR

denotes the second Piola-Kirchhoff stress tensor. E is the Lag-
rangian strain tensor, which is defined in terms of the displace-
ment gradient, H=∇u, as

E=
1
2

(
H+HT +HTH

)
. (2)

The Landau–Lifshitz model is embedded in the finite ele-
ment simulations via a user material subroutine (UMAT). The
Landau constants of the adhesive and aluminum used in the
simulations are listed in table 2 while the detailed parameters
for the PZT are listed in table 3 which are identical to those
used in our previous work [14]. All physical parameters used
in the simulation, are deemed rather realistic, as demonstrated
in the same previous paper. It is worth noting that, if the influ-
ence of the adhesive nonlinearity at the actuating part could be
eliminated by the designed MF, other nonlinear effects from
the actuating part can also, in principle, be mitigated since all
these nonlinear sources locally generate the deceptive second
harmonic wave components at the actuating area. Considering
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Figure 6. (a) Linear, (b) adhesive-nonlinearity-induced, and (c) material-nonlinearity-induced responses with and without MF under
60 kHz excitation.

the two bandgaps in figure 2(c), two excitation frequencies are
selected as 60 kHz and 100 kHz in the low frequency range
of interest with their second harmonic frequencies falling into
the two bandgaps, respectively. In both cases, a pair of 200 V
tone burst excitation signals modulated by Hann window with
inversed phases is applied on the PZTs with the fixed time-
duration (100 µs). The normal strain (ε11) of the sensing point
at 300 mm away from the actuators is extracted as the sys-
tem response. A superposition method [14] is used to further
extract the second harmonic responses in the time-domain by
superposing the responses to the two inversed excitations.

Different nonlinear sources are separately considered in
simulations to examine how the captured responses are
affected by theMFs. First, the 60 kHz excitation case is studied
whose second harmonic frequency is located inside the Bragg
scattering bandgap. The performance of the designed MFs is
evaluated by tactically including and excluding the adhesive
nonlinearity and the material nonlinearity of the plate in the
finite element model. First, without any nonlinearity in the sys-
tem, the linear strain responses are compared before and after
the installation of theMFs, as shown in figure 6(a). In each sig-
nal, the first wave packet corresponds to the direct wave while
the second one is from the boundary reflections. Apart from the
phase lag, a noticeable reduction in the linear wave amplitude
is observed. This is apparently due to the use of MF which

reflects part of the wave energy. However, the impaired level
is deemed acceptable. Then the adhesive nonlinearity at both
actuator andMF areas is introduced to themodel. By superpos-
ition the responses to a pair of inverse excitation signals, the
second harmonic responses are extracted in the time domain
and compared in figure 6(b) with/without MFs. It follows that
the deceptive second harmonic response from the adhesive is
remarkably mitigated by the designed MFs. Finally, only the
material nonlinearity of the plate is included in the simulations
and the corresponding second harmonic responses are shown
in figure 6(c). It can be seen that, although the amplitude of
the nonlinear waves decreases after the installation of the MF,
it still has a sufficiently large energy to be detected.

Similar analyses are conducted for 100 kHz excitation case,
with results shown in figure 7 for which the second har-
monic frequency locates in the locally resonant bandgap. In
this case, the linear response is dramatically attenuated by the
MFs (figure 7(a)) which results in a significant attenuation
in the nonlinear response induced by the material nonlinear-
ity of the plate (figure 7(c)). To make things even worse, the
deceptive second harmonic response generated by the adhes-
ive nonlinearity is increased after the installation of the MF
(figure 7(b)). Note that as a common practice, the calcula-
tion of the band structure discussed in the previous section
does not consider the adhesive nonlinearity. Apparently, the
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Figure 7. (a) Linear, (b) adhesive-nonlinearity-induced, and (c)material-nonlinearity-induced responses with and without MF under
100 kHz excitation.

Figure 8. Second harmonic responses with and without adhesive nonlinearity at the MF: (a) 60 kHz excitation case corresponding to Bragg
scattering; (b) 100 kHz excitation case corresponding to local resonance.

adhesive nonlinearity plays out more drastically in the fre-
quency range controlled by local resonances. This is under-
standable since adhesive layers play a more active role in the
local deformation when MFs are locally resonant, contrary
to the Bragg scattering case which basically relies on wave
interference.

To make this clearer, the two cases with different excitation
frequencies are examined again by keeping and removing the
adhesive nonlinearity only in the MF area. Note in both cases,
the adhesive nonlinearity in the actuator is always considered.

Similarly, the second harmonic responses are extracted and
shown in figure 8. For 60 kHz excitation case corresponding
to the Bragg scattering mechanism (figure 8(a)), the adhesive
nonlinearity at the MF area shows negligible influence on the
captured nonlinear responses. On the contrary, the 100 kHz
excitation case seems to be drastically affected by the adhes-
ive nonlinearity at the MFs, again due to its local resonance
nature, as shown in figure 8(b). This again is consistent with
the underlying working mechanisms of the two bands. There-
fore, the Bragg scattering mechanism shows advantages over
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Figure 9. Test specimen.

the locally resonant one owing to its more robust immunity to
the nonlinearity introduced by the installation of the MF.

To sum up, the two bandgaps of the designed MF are
tested to show their ability to filter out deceptive second har-
monic components originating from the actuating area. For
the local resonance-induced one, the primary waves are sig-
nificantly attenuated by the MFs, resulting in a low generation
efficiency of the damage-related nonlinear wave components.
In addition, due to the local resonance of the MF, its inher-
ent nonlinearity exemplified by the adhesive nonlinearity also
generates non-negligible deceptive second harmonic compon-
ents, which deteriorates the extraction of damage informa-
tion. By comparison, the designed MF under the Bragg scat-
tering mechanism enables significant mitigation of deceptive
second harmonic responses generated by the nonlinear sources
at the actuating area. Meanwhile, the adhesive nonlinearity
of the MF assembly has a negligible effect on the system
performance. Furthermore, it also allows the passing of suf-
ficiently strong linear probing waves for subsequent genera-
tion of damage-related nonlinear waves. Therefore, the Bragg
scattering induced bandgap is recommended for further NGW-
SHM applications.

4. Experimental validations

The designed MF was fabricated, implemented, and exper-
imentally tested for SHM applications. The test specimen
is illustrated in figure 9. A 2 mm thick 2024-T3 alu-
minum strip of 800 mm × 30 mm was inspected. A
30 mm × 30 mm × 0.5 mm PZT actuator was bonded
on the strip with UHU 2-component epoxy. A PZT sensor,
8 mm × 30 mm × 0.5 mm, was placed 300 mm away from
the actuator. Same as in the numerical simulation, the lead
patches contain ten unit cells whose geometric parameters are
listed in table 1. The total length of the MF patch was 40 mm.
The lead patches were symmetrically bonded on the top and
bottom surfaces of the aluminum strip. Measurements were
conducted with the National Instrument system as shown in
figure 1.

The experimental procedure was as follows. First, the
guided wave signals were measured before and after the
installation of the MFs on the intact strip to assess its perform-
ance before any damage was introduced into the test sample.
In light of the band structure analyses and the time-domain

finite element results reported above, a 200 V five-cycle tone
burst excitation at 60 kHz was used to match with the Bragg
scattering bandgap. Responses from the sensing PZT before
and after the installation of the MFs were obtained, as shown
in figure 10(a). As mentioned above, it was extremely difficult
to attribute the wave packets to different Lamb wave modes
due to the reflections from the edges of the strip. Therefore, a
long enough signal was recorded to ensure the wealth of dam-
age information contained in the captured guided wave sig-
nals. To confirm the wave filtering ability of the designed MF,
responses to a 120 kHz excitation inside the predicted bandgap
was also measured and shown in figure 10(b). Contrary to the
60 kHz excitation case for which the energy level of the signal
is not drastically reduced, the significantly attenuated signal
level at 120 kHz confirms the validity of the MF design and
expected wave filtering effect.

To further quantify the wave attenuation property of the
MFs at different frequencies, an attenuation ratio (AR) is
defined as

AR=
CAwith MF

CAwithout MF
(3)

where CA denotes the characteristic amplitude of a signals,
calculated as

CA=

√
T
∫
0
(x(t))2dt (4)

where x(t) denotes a time-domain signal and T is the total
length of the signal. By scrutinizing the responses at differ-
ent frequencies (from 50 kHz to 250 kHz stepped by 5 kHz),
the corresponding ARs are shown in figure 11. The two pre-
dicted bandgaps from section 2 are also marked in red strips.
It can be seen that most energy can be filtered out at those fre-
quencies roughly falling inside the bandgaps, which proves the
effectiveness of the designed MF.

The nonlinear responses for the 60 kHz excitation case
are then studied. By conducting the fast Fourier transform
(FFT) to the signals in figure 10(a), the spectra of the cap-
tured responses are shown in figure 12. Before the installation
of the MFs, a second harmonic response peak is obvious. With
the MFs, despite a reduction in the linear wave amplitude, as
already demonstrated in figure 6(a) and confirmed again here,
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Figure 10. Responses to (a) 60 kHz and (b) 120 kHz excitations in the intact strip before and after the installation of the MF.

Figure 11. Attenuation ratio achieved by the MF at different
frequencies.

Figure 12. Spectra of the responses to 60 kHz excitation in the
intact strip before and after the installation of the MF.

the second harmonic response basically disappear. This obser-
vation confirms the successful elimination of the non-damage-
related nonlinear components after the deployment of the
MFs.

As an SHM example, a thermal ageing treatment was
applied to the aluminum strip (figure (9)) to create material
microstructural changes in order to mimic a typical incipi-
ent damage within a small area. The length of the heating
zone was 100 mm and the heating temperature was kept at
400 ◦C for 3 h with a dedicated heating platform, with details
given in [13, 34]. According to our previous work, such a
heating scheme can effectively create material microstructural
changes, which were also confirmed by Vickers hardness test
[34]. Heat barriers around the heating area were installed with
flowing water to prevent the heat from reaching the MF and
PZT areas. With the aid of the heat barriers, the temperature
outside the barriers zones were kept less than 60 ◦C during the
whole heating process, which should have negligible influence
on the MF and transducers. Such a practice has been extens-
ively discussed and justified in the literature [35] and in our
previous work [13, 34]. It is worth noting that, although it
is difficult to quantitatively link such material microstructural
changes to an existing type of mechanical incipient damage,
one can surmise that once its efficacy is demonstrated using
the present example, the method can then be extended to other
type of damage such as plasticity- or fatigue-induced micro-
structural changes.

Measurements were carried out on the heated strip. The
responses to the 60 kHz excitation with the MFs before and
after heating the strip are compared in figure 13. It can be seen
that the overall response was slightly affected after the damage
was introduced as shown in figure 13(a). By further examining
their spectra after the FFT analysis, a dramatic increase in the
second harmonic amplitude can be observed after the plate is
heated, as shown in figure 13(b). This proves that the material
microstructural changes can be effectively detected in this sys-
tem, thanks to the effective purification of the nonlinear waves
by the MFs.

The MF was then removed, followed by additional ultra-
sonic measurements on the same heated sample. This allowed
a direct comparison between the two cases before and after
the material microstructural changes in the absence of the MF.
Using 60 kHz excitation, the results are shown in figure 14,
in both time and frequency domains. It follows that no
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Figure 13. Responses to 60 kHz excitation with MF before and after the strip is heated: (a) time-domain signals; (b) their spectra.

Figure 14. Responses to 60 kHz excitation without MF before and after the place is heated: (a) time-domain signals; (b) their spectra.

Figure 15. (a) Extracted second harmonic time-domain responses before and after the strip is heated with the MF; (b) DIs calculated with
different guide wave components.

meaningful changes can be observed from either the linear or
the second harmonic responses. This again confirms the fact
that deceptive nonlinear effects dominate in the system, thus
overwhelming the material-generated nonlinear components
without the MF.

Finally, the efficiency of the material microstructural
change detection method using different signal features (linear
and nonlinear responses without and with the MF) is quan-
tified. A damage index (DI) is defined using the previously
defined characteristic amplitude (equation (4)) as
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DI=
|CAheated −CAintact|

CAintact
× 100%. (5)

It is worth noting that the calculation of CA for the lin-
ear time-domain responses is straightforward. The nonlinear
responses should be extracted using a previously developed
superposition method [14]. In addition, a Butterworth band-
pass filter (90–150 kHz) is applied to reduce the influence of
noise. An example of the extracted nonlinear time-domain sig-
nals for the intact and heated cases with the MFs in place is
shown in figure 15(a). A dramatic increase is observed in the
nonlinear wave responses after the strip is heated, which fur-
ther supports the results in figure 13(b). DIs using different
time-domain wave responses are calculated and compared in
figure 15(b). It can be seen that, without the MFs, neither lin-
ear nor nonlinear wave component is able to detect thematerial
microstructural changes due to the adverse and overwhelming
interference from the deceptive nonlinear components in the
system. After the MF is installed, although the linear wave is
still not sensitive to the material microstructural changes, the
nonlinear wave, purified by the designed MF, shows remark-
ably high sensitivity.

5. Conclusions

This paper proposes the design and implementation of a
metamaterial filter (called MF) to facilitate the detection of
material microstructural changes in a NGW-based SHM sys-
tem. As a patch to be surface-mounted on the structure under
inspection, the proposed MF is intended to purify the prob-
ing waves through the tactical elimination of non-damage-
related nonlinear components emitted from the actuation area.
The proposed MF assembly (with the adhesive bonding and
the host structure) offers bandgaps resulting from Bragg scat-
tering and local resonances. Their respective band features,
in terms of bandgap frequency and bandwidth, are investig-
ated through numerical analyses on bonding conditions and
symmetry of the metamaterial lattice. Time-domain finite ele-
ment investigations are carried out to validate the efficacy of
the MF. Specifically, as a representative non-damage-related
nonlinear source, the adhesive nonlinearity at the MF area is
evaluated to reveal its influence on the wave purification effi-
ciency under the two identified bandgap mechanisms. Experi-
ments are finally conducted with the designed MFs. The puri-
fied second harmonic Lamb waves are finally applied to detect
material microstructural changes induced by a thermal ageing
treatment on a metal strip sample.

In principle, both Bragg and local resonance bandgaps can
be used for wave filtering purposes. The former requires sym-
metrical installation of the MF to achieve a relatively wide
frequency range for wave filtering. The latter needs precise
control of the bonding quality of the MF to ensure the wave
filtering consistency. Moreover, the Bragg bandgap outper-
forms the locally resonant one in terms of robustness and
immunity to the nonlinearities of the MF assembly, mainly
from the adhesive layers. In light of this and the fact that the
bonding thickness is difficult to be precisely controlled when

installing the MF, Bragg scattering-induced bandgap is seen
to be a better choice for wave filtering. Experiments demon-
strate the effectiveness of the MF in NGW-SHM applications.
Without the MF, strong non-damage-related nonlinear com-
ponents generated around the actuation area are proven to exist
in the NGW-SHM system which significantly deteriorate its
ability for the detection of microstructural changes. By com-
parison, with the deployment of the MF, probing waves are
purified by filtering out these deceptive nonlinear components.
Through the definition of a DI, NGW-SHM is successfully car-
ried out to detect thermal-aging-induced material microstruc-
tural changes with extremely high sensitivity compared to the
linear-guided-wave-based technique.

The work presented in this paper, through revealing the
underlying mechanisms of the MF design and analyzing dif-
ferent influencing factors associated with its implementation,
paves theway forward for promisingNGW-SHMapplications.
The MF discussed in this paper is rather primitive involving a
simple strip configuration. While this is intended as a proof-
of-concept study, other systems such as plates should be fur-
ther investigated, whichwell-controlled installation of the MF
patches to ensure the symmetry of the MF assembly. Nev-
ertheless, the principles being put forward in this paper can
be followed, through more sophisticated design methods such
as topology optimizations [36, 37], to achieve better or multi-
functional wave manipulation devices for various NGW-SHM
applications.
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