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Abstract
Destructive interference-based metamaterials have shown excellent characteristics in elastic
wave manipulation and vibration attenuation. Nevertheless, challenges persist in the application
due to limited space and lightweight design, as current metastructures require additional beam
structure. To simplify the design of metamaterials for flexural wave manipulation, this paper
presents a new class of embedded phononic crystal for manipulating flexural wave propagation
in both one and two-dimensional space by taking advantage of destructive interference, which
can effectively suppress the mechanical vibration of a beam structure with a broad band gap.
The flexural wave dispersion characteristic in a non-uniform beam structure is derived based on
the Euler–Bernoulli beam theory, and an embedded phononic structure with the mechanism of
destructive interference is presented to demonstrate its effectiveness in mitigating mechanical
vibration. Subsequently, four typical units of embedded phononic structures are designed for
attenuating flexural wave propagation in a beam structure. Finally, both numerical simulations,
including one and two-dimensional phononic crystals, and physical experiments are
implemented to evaluate the performance of the presented metastructure for flexural wave
manipulation, which indicates that the proposed embedded phononic structures can effectively
mitigate structural vibration in the low-frequency domain. To the best of our knowledge, it is the
first attempt to design the metabeam with embedded phononic structures by taking advantage of
destructive interference.

Keywords: embedded phononic crystal, flexural wave attenuation, metastructure,
mechanical vibration, bandgap

1. Introduction

This study presents a novel embedded phononic crystal for
attenuating flexural wave propagation by using the mechan-
ism of destructive interference.Mechanical vibration, a natural
phenomenon, which widely happens in the field of aerospace,
navigation, and railway transportation [1–3]. Generally, vibra-
tion as an undesired source that affects the functionality of
the product and leads to fatigue failure of the key component,

∗
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and more severely, it brings safety and property problems [4–
6]. Therefore, comprehensively studying mechanical vibra-
tion absorbers for flexural wave attenuation is of vital signi-
ficance. To further contribute this research area, a pipeline for
designing embedded phononic crystals with the mechanism of
destructive interference is presented in this paper.

Phononic crystals and metamaterials [7–9], a class of arti-
ficial periodical structures that exhibit excellent performance
on vibration attenuation [10, 11] and noise reduction [12, 13],
have been significantly explored and developed. Generally,
there are two mainstream mechanisms to design metastruc-
ture, either Bragg scattering or local resonance [14–19]. With
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the help of heuristic optimization and gradient-based meth-
ods, Xie et al [20]. introduced an interval Chebyshev surrog-
ate model-based genetic algorithm for topology optimization
of phononic crystals with maximum band gaps under inter-
val uncertainties. Dong et al [21]. utilized a genetic algorithm
to design a two-dimensional phononic crystal with a square
lattice for two objectives, maximization of the relative widths
of adjacent bands without constraint and a predefined average
density constrained first bandgap maximization. Liu et al [22].
proposed a solid isotropic material with a penalization-based
topology optimization method to design a one-dimensional
metastructure for elastic wave attenuation. Van et al [23].
presented a level-set topology optimization framework with an
enriched finite element method for designing phononic crys-
tals with smooth but clear boundaries. The optimization-based
pipeline is effective and efficient for mitigating mechanical
vibration by reasonably distributing the materials, neverthe-
less, it is still troublesome to obtain an optimal structure that
satisfies specific band gaps, and the manufacturability of the
metastructure is also challenging in practical application.

Locally resonant structure [24–26], a promising metama-
terial for elastic wave attenuation within a low-frequency
range, has drawn much attention to devote to this area. This
type of metamaterial can construct structure satisfying the
given band gaps by changing stiffness of the spring and mass
of the resonator [27–29]. Wang et al [30]. numerically and
experimentally investigated a metamaterial sandwich plate
with periodically embedded plate-type resonators for sup-
pressing mechanical vibration, the results show good agree-
ment between the experimental measurements and the numer-
ical analysis for the bandgap. Based on the inertial amplifica-
tion mechanism, Zhou et al [31]. developed a high-static-low-
dynamic-stiffness (HSLDS) resonator for attenuating flexural
wave propagation in a beam structure, which is able to cre-
ate a much lower band gap than a pure HSLDS resonator.
Wang et al [32]. presented a metamaterial rod with resonators
by using the mechanism of negative stiffness for manipulating
elastic waves within a very low-frequency region. Even though
the local resonator-based elastic metamaterials are of fantastic
performance on mitigating mechanical vibration under excita-
tion with low frequencies, enlarging the band gap for atten-
uating flexural wave propagation in an elastic beam is still
challenging.

Destructive interference [33–35], a type of interference in
which two interfering waves have a displacement in opposite
directions, emerges as a new direction to analytically design
metastructure for flexural wave attenuation in a wide band
gap, which is a class of simple but effective metamaterial for
wavemanipulation that has been theoretically and experiment-
ally validated in practice [36]. Liu et al [37]. designed a one-
dimensional metastructure to manipulate shear wave propaga-
tion, and numerically and experimentally demonstrated the
attenuation performance on transverse waves. Similarly, Yoon
et al [38] detailed the flexural wave propagation theory and
presented a kind of two-dimensional triangular phononic
structure for bending wave attenuation by taking advant-
age of destructive interference, both the numerical analysis
and experimental result demonstrate the effectiveness of the

designed phononic crystal for suppressing mechanical vibra-
tion. To further reduce the size of the metastructure, Liu
et al [39]. presented a composite sandwich-based function-
ally gradient phononic crystal for manipulating flexural wave
propagation in the beam structure based on Euler–Bernoulli
beam theory, which can effectively suppress the mechanical
vibration of the structure in low-frequency domain.

Overall, the destructive interference-based metamaterials
have demonstrated effective performance on flexural wave
attenuation with a broad band gap. However, until now, this
type of metamaterial has required the introduction of an
additional beam structure to generate the phenomenon of
destructive interference. Furthermore, the thickness of the
external phononic structure should be kept the same as the
host structure. Consequently, applying these metamaterials
in fields such as precision instruments and aerospace, where
installation space is limited and lightweight requirements are
high, proves challenging, thereby limiting the flexibility and
robustness of the metamaterials. The inadequate investiga-
tions and challenges urge this paper to further study the
destructive interference-based metastructure for flexural wave
attenuation.

Rather than introducing external beam structures for flex-
ural wave manipulation, the main idea of the present work
is to attenuate flexural wave propagation with embedded
phononic structures by taking advantage of destructive inter-
ference. First, we derive the flexural wave dispersion the-
ory in a freeform-based beam structure and present an
embedded phononic crystal by using destructive interference
law. Subsequently, typical units of phononic structures are
designed and arranged to mitigate mechanical vibration in
a broad bandgap. Finally, numerical analysis and physical
experiments are conducted to illustrate the effectiveness and
accuracy of the proposed method for flexural wave attenuation
in a low-frequency range. Themain contributions of this paper
can be summarized as follows:

(i) A novel embedded phononic structure for attenuating
flexural wave propagation in the metamaterial beam is
presented. To the best of our knowledge, it is a new
attempt to design destructive interference-based embed-
ded phononic crystals for mitigating flexural waves in
beam structures.

(ii) The theory of flexural wave propagation in a free-form
beam structure is analytically derived and wave disper-
sion characteristic is numerically validated by taking
advantage of destructive interference.

(iii) Compared with external phononic crystals, the presented
metastructure does not need additional beam structure to
achieve destructive interference for flexural wave attenu-
ation, which improves the flexibility and applicability of
the metamaterials in engineering applications.

The rest of this paper is organized as follows: section 2
introduces the theory of flexural wave propagation in freeform
shape-based beam structure and the basic principle of embed-
ded phononic crystal design. Then the numerical analysis and
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physical experiment are conducted to demonstrate the effect-
iveness and advancement of the proposed embedded phononic
crystal structure in section 3. Finally, the conclusion and future
work are presented in section 4.

2. Methodology

In this section, we first present the flexural wave propaga-
tion theory in non-uniform shape-based beam structure, then
destructive interference is detailed to analytically design
embedded phononic crystal, and the bending wave attenu-
ation performance is numerically validated with an illustrative
example.

2.1. Flexural wave in non-uniform beam

The governing equation of the flexural wave propagation in a
non-uniform beam structure shown in figure 1 can be formu-
lated in equation (1) [40],

∂4Ψ(x, t)
∂x4

+
M
D

∂2Ψ(x, t)
∂t2

= 0 (1)

where Ψ is the transverse displacement of a beam, M =´
ρA(h(x))dx is the mass of the cross-section, and D =´
EI(h(x))dx is the bending stiffness of the section, where ρ,

A, E and I are the density, area, Young’s module and area
moment, respectively. The speed of the flexural wave in the
structure at an arbitrary position x is defined in equation (2),
where ω is the angular frequency

c(x) =

[
EI(h(x))
ρA(h(x))

] 1
4

ω
1
2 . (2)

It can be found that the speed of the flexural wave relates
to the area and area moment of the cross-section. Thus, the
wavelength on the beam structure at an arbitrary position x
can be formulated as equation (3) by using the relationship
between wave speed c(x) and frequency f. Similarly, it can be
observed that the wavelength can be manipulated by changing
the area and area moment of the cross-section.

λ(x) = 2π

[
EI(h(x))
ρA(h(x))

] 1
4

ω− 1
2 . (3)

2.2. Metastructure design with destructive interference

Different from local resonance or Bragg theory-based
phononic crystals for flexural wave attenuation, destructive
interference utilizes the phase difference of waves to sup-
press wave propagation by mitigating the amplitude of the
resultant wave, which has been successfully applied in noise
canceling, and electromagnetic wave manipulation. Inspired
by the mechanism of destructive interference, which offers us
the possibility to manipulate the flexural wave propagation by
creating the phase difference of elastic waves.

Figure 2 shows a beam structure with an embedded
phononic crystal. The flexural wave propagates along the beam

Figure 1. A sketch of a non-uniform beam structure with variable
cross section.

Figure 2. Schema of an embedded phononic crystal with
destructive interference.

structure and divides into two waves at the separating point,
then the flexural wave will propagate along two substructures
and the destructive interference occurs when two waves come
together in overlapping point with opposite direction. To real-
ize the destructive interference for flexural wave manipulation
in the beam structure, the substructures shown in the unit cell
should satisfy the following physical rule [33, 41],

δ = k2 − k1 = n+
1
2
,(n= 0, 1, 2, . . . ) (4)

where k1 = L/λ1 and k2 = L/λ2 denote the wave number in
parts 1 and 2, respectively, and λ1,λ2 indicate the average
wavelength of the flexural wave in parts 1 and 2, respectively.
The specific formulation of wavelength is shown as follows:

λi =
1
L

ˆ L
2

− L
2

g(x)dx, (i= 1,2) (5)

where L denotes the length of the sub-beam structure, g(x) is
the wavelength of the beam structure at position x, which is
defined in equation (6), and t is the thickness of the beam,
and f(x) is the function of the bottom boundary of the upper
substructure. By adjusting the shape of the upper substruc-
ture, the unit cell can effectively mitigating the flexural wave
with different target source frequency when follows the law in
equation (4).

g(x) = 2π

[
E
(
t
2 − f(x)

)2
12ρ

] 1
4

ω− 1
2 . (6)

To illustratively demonstrate the wave attenuation perform-
ance of the metastructure, an embedded phononic structure
based on quadratic function is given to validate the accur-
acy and effectiveness of the proposed method. The metastruc-
ture for evaluating the attenuation performance on flexural
wave propagation is given in figure 3, and the quadratic func-
tion gives f(x) = bx2 − 1

4bL
2, where b = 0.266, and L = 0.1.
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Figure 3. A destructive interference example for flexural wave attenuation in a beam structure. (a) the geometric shape and boundary
condition, (b) wave propagation at 12 000 Hz source excitation, and (c) wave destructive with λ∗ = mλ (m = 2, 5, 8 and 10).

Figure 3(a) shows the geometric shape and boundary condi-
tion of the metabeam, specifically, the length and thickness
of the beam structure are 0.6 m and 0.001 m, respectively,
the Young’s modulus E, density ρ, and Poisson ratio ν are 70
Gpa, 2700kg m−3, and 0.33, respectively, and the left edge is
applied with transverse vibration displacement. As illustrated
in figure 3(b), the flexural wave is perfectly attenuated with
the help of embedded phononic crystal under the excitation of
a 12 000 Hz source excitation. Figure 3(c) shows the structure
responses when the excitation of source frequencies satisfies
the following relationship [39],

λ∗ = mλ, (m= 1,2,3, . . .) . (7)

3. Numerical analysis and experiment

In this section, we first evaluate the effectiveness of the
proposed embedded phononic crystal in a one-dimensional
beam structure, and a two-dimensional phononic crystal
is also designed to illustrate the performance on manip-
ulating the flexural wave propagation. Then, an embed-
ded phononic structure is designed and manufactured, and
both the numerical simulation and physical experiment are
conducted to demonstrate the effectiveness of the pro-
posed metastructure for mitigating mechanical vibration.
Here, COMSOL Multiphysics 6.0 is utilized for numerical
simulation.

3.1. Numerical analysis

To demonstrate the effectiveness of the proposed method for
suppressing mechanical vibration, a ellipse function shown in
equation (8) is adopted, the four typical ellipse-type phononic
structures are constructed to attenuate flexural wave propaga-
tion in the specific frequencies, i.e. 900 Hz, 1200 Hz, 1500 Hz,
1800 Hz, respectively, which are shown in figure 4(a), and the
parameter details are summarized in figure 4(b)

4x2

L2
+
y2

a2
= 1. (8)

3.1.1. One dimensional Embedded phononic crystal. To
illustrate the effectiveness of the proposed method for atten-
uating flexural wave propagation, a one-dimensional beam
structure with embedded phononic crystal is designed for per-
formance comparison. Figure 5(a) presents beam structures
and their boundary conditions, where the left edge is applied
with transverse displacement in the Y axis, and the right side of
the structure is selected to measure the response under excita-
tions with various source frequencies. The structure deforma-
tion at a source excitation of 1350 Hz is shown in figure 5(b). It
can be observed that the presented embedded phononic crystal
can effectively attenuate the flexural wave propagation in the
beam structure.

Figure 6 shows the attenuation performance on flexural
wave propagation under various excitations, the wave attenu-
ation curve is depicted by equation (9), where ue and ur denote
the excitation displacement of the left edge and response dis-
placement of the right edge, respectively [42–44]. It can be
observed that the embedded phononic crystal can attenuate
mechanical vibration in the designed bandgap when com-
pared with the host structure, which demonstrates the effect-
iveness of the proposedmethod for manipulating flexural wave
propagation in a one-dimensional beam structure

T= 20log10

(
ur
ue

)
. (9)

3.1.2. Two dimensional Embedded phononic crystal. To
further demonstrate the effectiveness of the proposed method,
a two-dimensional beam structure is constructed with
designed phononic crystals. Figure 7(a) shows the geomet-
ric shape of the metabeam structure, of which a basic pat-
tern is an octagon unit. The bottom edges are applied with
transverse displacement along both the x and y axes, and
the upper edges are used to measure the structure response,

4
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Figure 4. (a) Four different phononic structures for attenuating flexural wave propagation and (b) the specific parameters of each unit cell
(m = 10).

Figure 5. One-dimensional metabeam structure.

Figure 6. Structure response under various source frequencies.

and figure 7(b) gives the structure deformation under excita-
tion with a 1350 Hz source frequency. It clearly shows that
the host structure without embedded phononic crystals will
vibrate heavier than the metastructure, namely, the proposed
phononic pattern can effectively attenuate the flexural wave
propagation in beam structure. Figure 8 records structure
response under the excitations with various source frequen-
cies, the energy transmission results indicate that the designed

phononic crystal can manipulate flexural wave propagation in
two-dimensional beam structure.

To further validate the effectiveness of the proposed
phononic crystal for flexural wave attenuation in two-
dimensional beam structures, another structure is designed to
demonstrate the performance of proposed embedded phononic
crystals on suppressing mechanical vibration. Figure 9(a)
shows the geometry and boundary condition for numerical

5
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Figure 7. Two-dimensional metabeam structure.

Figure 8. Structure response under various source frequencies.

simulation, and subplot (b) in figure 9 gives the structure
deformation at a source excitation of 1350 Hz. Similarly, it
can be observed that the host structure without phononic crys-
tal can not attenuate the flexural wave propagation in the
beam structure, while the metastructure can effectively atten-
uate the flexural wave propagation in the beam structure in
both X and Y directions. The transmission curve shown in
figure 10 shows that the embedded phononic crystal can effect-
ively manipulate the flexural wave propagation in the desired
bandgap.

Overall, the numerical simulations indicate the proposed
embedded phononic structures are of good performance on
manipulating the flexural wave propagation in both the one-
and two-dimensional beam structures, and the mechanical
vibration can be effectively suppressed in the desired fre-
quency range when compared with the beam structure without
embedded phononic crystals.

3.2. Physical experiment

To validate the physical performance of the designed phononic
crystal on flexural wave attenuation, an aluminum-based pro-
totype of the metastructure is manufactured by water-jet cut-
ting technology, and a physical experiment is conducted to
verify the effectiveness of the presented metastructure, of
which the specific parameters of the embedded phononic crys-
tal for the experiment is given in table 1. Subplot (a) and (b)
in figure 11 shows the layout of the designed phononic struc-
ture and manufactured metastructure, respectively. Subplot (c)
presents the experimental equipment including a desktop com-
puter, impact hammer, acceleration sensors, and a DAQ mod-
ule. In the experiment process, the hammer is used to apply
point force at the upper left point of the structure, and the
acceleration sensors are installed on the right edge to measure
the response. Then, the measured data are transmitted to the

6
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Figure 9. Two-dimensional metastructure for wave manipulation.

desktop by DAQ module for signal analysis. Finally, Fourier
transform is unitized to transform the time-domain signal to
frequency-domain data.

Figure 12 shows the response of the manufactured meta-
structure under point load excitation. It can be found that
the experimental result performs consistently with the numer-
ical simulation at the designed frequency domain, namely, the
metastructure successfully suppresses the propagation of the
mechanical vibration, which demonstrates the effectiveness of
the proposed method for flexural wave manipulation.

With the help of the numerical simulation and experiment,
the proposed embedded phononic crystal shows the capa-
city to manipulate the flexural wave propagation in both one

and two-dimensional beam structures. Overall, we can con-
clude that the proposed method can efficiently design embed-
ded phononic crystal and the designed metastructure can
effectively attenuate the flexural wave propagation in beam
structure.

4. Conclusion and future work

An embedded phononic crystal is proposed to attenuate flex-
ural wave propagation by taking advantage of destructive
interference in this paper, which can effectively manipulate
flexural wave propagation in a board band gap by arranging
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Figure 10. Structure response under various source frequencies.

Table 1. Specific parameters for the manufactured embedded phononic crystal.

Type L (m) t (m) a (mm) ftarget (Hz)

Unit cell 1 0.12 0.02 5.622 900
Unit cell 2 0.12 0.02 5.115 1200
Unit cell 3 0.12 0.02 4.737 1500
Unit cell 4 0.12 0.02 4.440 1800

Figure 11. Physical experiment on an embedded phononic structure. (a) Geometric details of the phononic structure (unit: (m), (b) Physical
prototype of the metastructure, (c) Experiment set-up.

embedding phononic patterns in the host structure. We first
derive the flexural wave propagation theory in non-uniform
beam structure, and the destructive interference is utilized to
design embedded phononic patterns for manipulating flexural
wave propagation. Then, four typical unit cells of phononic
structure are given for mitigating beam structure vibration.
Finally, both the numerical analysis and physical experiment
are conducted to demonstrate the effectiveness of the proposed
method for attenuating flexural wave propagation in beam
structure. The proposed mechanical metamaterial for flex-
ural wave manipulation can achieve destructive interference

without addition beam structure when compared with external
phononic crystals, which improves the applicability of the
metastructure in practical application.

The proposed embedded phononic crystal for bending
wave manipulation can be applied in the key compon-
ents design of acrobat and mechanical products, and fur-
ther work will consider structure stiffness and buckling per-
formance in phononic crystal design, also, multi-materials-
based metastructure design is critical to realize function-
ally gradient characteristic, which will be studied in future
work.
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Figure 12. Response curve of the phononic structure.

Data availability statement

The data cannot be made publicly available upon publication
because no suitable repository exists for hosting data in this
field of study. The data that support the findings of this study
are available upon reasonable request from the authors.

Acknowledgments

This work was funded by the Korea Institute of Energy
Technology Evaluation and Planning under Grant No.
20202020800030, National Research Foundation of Korea
under Grant No. NRF-2019R1A2C2084974, the National
Natural Science Foundation of China under Grant No.
51975589. This work was also supported by the China
Scholarship Council (CSC).

Conflict of interest

The authors have no conflicts to disclose.

ORCID iDs

Long Liu https://orcid.org/0000-0002-6837-9745
Gil Ho Yoon https://orcid.org/0000-0002-0634-8329
Bing Yi https://orcid.org/0000-0001-7102-4796

References

[1] Jin H and Espinosa H D 2024 Mechanical metamaterials
fabricated from self-assembly: a perspective J. Appl. Mech.
91 040801

[2] Tan X, Wang B, Zhu S, Chen S, Yao K, Peifei X, Linzhi W
and Sun Y 2019 Novel multidirectional negative stiffness
mechanical metamaterials Smart Mater. Struct. 29 015037

[3] Zhao C, Zheng J, Sang T, Wang L, Qiang Y and Wang P 2021
Computational analysis of phononic crystal vibration
isolators via fem coupled with the acoustic black hole effect

to attenuate railway-induced vibration Constr. Build. Mater.
283 122802

[4] Jiawen X, Zhang X and Yan R 2020 Coupled piezoelectric
phononic crystal for adaptive broadband wave attenuation
by destructive interference J. Appl. Mech. 87 091001

[5] Wang Z, Weikang Xian M R B, Lanzerath H, Ying Li and
Hongyi X 2022 Design of phononic bandgap metamaterials
based on gaussian mixture beta variational autoencoder and
iterative model updating J. Mech. Des. 144 041705

[6] Krushynska A O, Miniaci M, Bosia F and Pugno N M 2017
Coupling local resonance with bragg band gaps in
single-phase mechanical metamaterials Extreme Mech. Lett.
12 30–36

[7] Alomarah A, Masood S H and Ruan D 2022 Metamaterials
with enhanced mechanical properties and tuneable
poisson’s ratio Smart Mater. Struct. 31 025026

[8] Willey C L, Chen V W, Roca D, Kianfar A, Hussein M I and
Juhl A T 2022 Coiled phononic crystal with periodic
rotational locking: subwavelength bragg band gaps Phys.
Rev. Appl. 18 014035

[9] Gao W, Zhang Q, Sun J and Guo K 2023 A novel 3d-printed
magnesium alloy phononic crystal with broadband bandgap
J. Appl. Phys. 133 085103

[10] Oddiraju M, Behjat A, Nouh M and Chowdhury S 2022
Inverse design framework with invertible neural networks
for passive vibration suppression in phononic structures J.
Mech. Des. 144 021707

[11] Liu J, Guo H and Wang T 2020 A review of acoustic
metamaterials and phononic crystals Crystals
10 305

[12] Colombi A, Roux P, Guenneau S and Rupin M 2015
Directional cloaking of flexural waves in a plate with a
locally resonant metamaterial J. Acoust. Soc. Am.
137 1783–9

[13] Cai Z, Zhao S, Huang Z, Li Z, Meng S, Zhang Z, Zhao Z,
Xiaotian H, Wang Y-S and Song Y 2019 Bubble
architectures for locally resonant acoustic metamaterials
Adv. Funct. Mater. 29 1906984

[14] Tallarico D, Bergamini A and Van Damme B 2023 Long-range
order bragg scattering and its effect on the dynamic
response of a penrose-like phononic crystal plate Phys. Rev.
B 107 174201

[15] Zhang X, Jingjie H, Takezawa A and Kang Z 2018 Robust
topology optimization of phononic crystals with random
field uncertainty Int. J. Numer. Methods Eng. 115 1154–73

[16] Gao H, Yegao Q and Meng G 2023 Topology optimization and
wave propagation of three-dimensional phononic crystals J.
Vib. Acoust. 145 011002

[17] Guilian Y and Youn B D 2016 A comprehensive survey on
topology optimization of phononic crystals Struct.
Multidiscip. Optim. 54 1315–44

[18] Ning S, Yang F, Luo C, Liu Z and Zhuang Z 2020
Low-frequency tunable locally resonant band gaps in
acoustic metamaterials through large deformation Extreme
Mech. Lett. 35 100623

[19] Zhang K, Jiang Y, Liu H, Ding B and Deng Z 2023
Low-frequency and wide bandgap seismic metamaterials
for rayleigh wave attenuation Eng. Struct. 296 116948

[20] Xie L, Xia B, Huang G, Lei J and Liu J 2017 Topology
optimization of phononic crystals with uncertainties Struct.
Multidiscip. Optim. 56 1319–39

[21] Dong H-W, Xiao-Xing S, Wang Y-S and Zhang C 2014
Topological optimization of two-dimensional phononic
crystals based on the finite element method and genetic
algorithm Struct. Multidiscip. Optim. 50 593–604

[22] Liu W, Ho Yoon G, Bing Y, Choi H and Yang Y 2020
Controlling wave propagation in one-dimensional
structures through topology optimization Comput. Struct.
241 106368

9

https://orcid.org/0000-0002-6837-9745
https://orcid.org/0000-0002-6837-9745
https://orcid.org/0000-0002-0634-8329
https://orcid.org/0000-0002-0634-8329
https://orcid.org/0000-0001-7102-4796
https://orcid.org/0000-0001-7102-4796
https://doi.org/10.1115/1.4064144
https://doi.org/10.1115/1.4064144
https://doi.org/10.1088/1361-665X/ab47d9
https://doi.org/10.1088/1361-665X/ab47d9
https://doi.org/10.1016/j.conbuildmat.2021.122802
https://doi.org/10.1016/j.conbuildmat.2021.122802
https://doi.org/10.1115/1.4047205
https://doi.org/10.1115/1.4047205
https://doi.org/10.1115/1.4053814
https://doi.org/10.1115/1.4053814
https://doi.org/10.1016/j.eml.2016.10.004
https://doi.org/10.1016/j.eml.2016.10.004
https://doi.org/10.1088/1361-665X/ac3c08
https://doi.org/10.1088/1361-665X/ac3c08
https://doi.org/10.1103/PhysRevApplied.18.014035
https://doi.org/10.1103/PhysRevApplied.18.014035
https://doi.org/10.1063/5.0135770
https://doi.org/10.1063/5.0135770
https://doi.org/10.1115/1.4052300
https://doi.org/10.1115/1.4052300
https://doi.org/10.3390/cryst10040305
https://doi.org/10.3390/cryst10040305
https://doi.org/10.1121/1.4915004
https://doi.org/10.1121/1.4915004
https://doi.org/10.1002/adfm.201906984
https://doi.org/10.1002/adfm.201906984
https://doi.org/10.1103/PhysRevB.107.174201
https://doi.org/10.1103/PhysRevB.107.174201
https://doi.org/10.1002/nme.5839
https://doi.org/10.1002/nme.5839
https://doi.org/10.1115/1.4054745
https://doi.org/10.1115/1.4054745
https://doi.org/10.1007/s00158-016-1520-4
https://doi.org/10.1007/s00158-016-1520-4
https://doi.org/10.1016/j.eml.2019.100623
https://doi.org/10.1016/j.eml.2019.100623
https://doi.org/10.1016/j.engstruct.2023.116948
https://doi.org/10.1016/j.engstruct.2023.116948
https://doi.org/10.1007/s00158-017-1723-3
https://doi.org/10.1007/s00158-017-1723-3
https://doi.org/10.1007/s00158-014-1070-6
https://doi.org/10.1007/s00158-014-1070-6
https://doi.org/10.1016/j.compstruc.2020.106368
https://doi.org/10.1016/j.compstruc.2020.106368


Smart Mater. Struct. 33 (2024) 085013 L Liu et al

[23] van den Boom S J, Abedi R, van Keulen F and Aragón A M
2023 A level set-based interface-enriched topology
optimization for the design of phononic crystals with
smooth boundaries Comput. Methods Appl. Mech. Eng.
408 115888

[24] Zhengwei Li, Huan H and Wang X 2018 A new
two-dimensional elastic metamaterial system with multiple
local resonances Int. J. Mech. Sci. 149 273–84

[25] Guancong M and Sheng P 2016 Acoustic metamaterials:
from local resonances to broad horizons Sci. Adv.
2 1–16

[26] Davis B L and Hussein M I 2014 Nanophononic metamaterial:
thermal conductivity reduction by local resonance Phys.
Rev. Lett. 112 1–5

[27] Chang I-L, Liang Z-X, Kao H-W, Chang S-H and Yang C-Y
2018 The wave attenuation mechanism of the periodic local
resonant metamaterial J. Sound Vib. 412 349–59

[28] Tianrun Li, Wang Z, Xiao H, Yan Z, Yang C and Tan T 2021
Dual-band piezoelectric acoustic energy harvesting by
structural and local resonances of helmholtz metamaterial
Nano Energy 90 106523

[29] Francesco Russillo A and Failla G 2022 A novel reduced-order
dynamic-stiffness formulation for locally resonant
metamaterial plates Compos. Struct. 280 114811

[30] Wang Q, Jinqiang Li, Zhang Y, Xue Y and Fengming Li 2021
Bandgap properties in metamaterial sandwich plate with
periodically embedded plate-type resonators Mech. Syst.
Signal Process. 151 107375

[31] Zhou J, Dou L, Wang K, Daolin X and Ouyang H 2019 A
nonlinear resonator with inertial amplification for very
low-frequency flexural wave attenuations in beams
Nonlinear Dyn. 96 647–65

[32] Wang K, Zhou J, Wang Q, Ouyang H and Daolin X 2019
Low-frequency band gaps in a metamaterial rod by
negative-stiffness mechanisms: design and experimental
validation Appl. Phys. Lett. 114 251902

[33] Sun J, Liu L, Dong G and Zhou J 2011 An extremely broad
band metamaterial absorber based on destructive
interference Opt. Express 19 21155–62

[34] Jianxun S, Huan H, Yao L, Yin H, Liu G and Zengrui Li 2019
Ultrawideband radar cross-section reduction by a
metasurface based on defect lattices and multiwave
destructive interference Phys. Rev. Appl. 11 044088

[35] Jamilan S, Naghi Azarmanesh M and Zarifi D 2014 Design
and characterization of a dual-band metamaterial absorber
based on destructive interferences Prog. Electromagn. Res.
C 47 95–101

[36] Tam Yee H and Ho Yoon G 2024 Improving the performance
of destructive interference phononic crystal structure
through topology optimization Finite Elem. Anal. Des.
235 104138

[37] Liu W, Bing Y, Ho Yoon G and Choi H 2020 Functionally
graded phononic crystals with broadband gap for
controlling shear wave propagation Adv. Eng. Mater.
22 2000645

[38] Ho Yoon G, Shin M, Kim J and Tam Yee H Mechanical
metamaterial absorber with destructive interference of
transverse vibration SSRN 4354048

[39] Liu L, Wan Kim J, Ho Yoon G and Bing Y 2024 Mechanical
vibration absorber for flexural wave attenuation in
multi-materials metastructure Compos. Struct. 331 117859

[40] Eberle R and Oberguggenberger M 2022 A new method for
estimating the bending stiffness curve of non-uniform
Euler-Bernoulli beams using static deflection data Appl.
Math. Modelling 105 514–33

[41] Antonacci G, Lepert G, Paterson C and Török P 2015 Elastic
suppression in brillouin imaging by destructive interference
Appl. Phys. Lett. 107 061102

[42] Jung J, Kim H-G, Goo S, Chang K-J and Wang S 2019
Realisation of a locally resonant metamaterial on the
automobile panel structure to reduce noise radiation Mech.
Syst. Signal Process. 122 206–31

[43] Nouh M, Aldraihem O and Baz A 2014 Vibration
characteristics of metamaterial beams with periodic local
resonances J. Vib. Acoust. 136 061012

[44] Zeighami F, Palermo A and Marzani A 2021 Rayleigh waves
in locally resonant metamaterials Int. J. Mech. Sci.
195 106250

10

https://doi.org/10.1016/j.cma.2023.115888
https://doi.org/10.1016/j.cma.2023.115888
https://doi.org/10.1016/j.ijmecsci.2018.09.053
https://doi.org/10.1016/j.ijmecsci.2018.09.053
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1103/PhysRevLett.112.055505
https://doi.org/10.1103/PhysRevLett.112.055505
https://doi.org/10.1016/j.jsv.2017.10.008
https://doi.org/10.1016/j.jsv.2017.10.008
https://doi.org/10.1016/j.nanoen.2021.106523
https://doi.org/10.1016/j.nanoen.2021.106523
https://doi.org/10.1016/j.compstruct.2021.114811
https://doi.org/10.1016/j.compstruct.2021.114811
https://doi.org/10.1016/j.ymssp.2020.107375
https://doi.org/10.1016/j.ymssp.2020.107375
https://doi.org/10.1007/s11071-019-04812-1
https://doi.org/10.1007/s11071-019-04812-1
https://doi.org/10.1063/1.5099425
https://doi.org/10.1063/1.5099425
https://doi.org/10.1364/OE.19.021155
https://doi.org/10.1364/OE.19.021155
https://doi.org/10.1103/PhysRevApplied.11.044088
https://doi.org/10.1103/PhysRevApplied.11.044088
https://doi.org/10.2528/PIERC13121307
https://doi.org/10.2528/PIERC13121307
https://doi.org/10.1016/j.finel.2024.104138
https://doi.org/10.1016/j.finel.2024.104138
https://doi.org/10.1002/adem.202000645
https://doi.org/10.1002/adem.202000645
https://doi.org/10.1016/j.compstruct.2023.117859
https://doi.org/10.1016/j.compstruct.2023.117859
https://doi.org/10.1016/j.apm.2021.12.042
https://doi.org/10.1016/j.apm.2021.12.042
https://doi.org/10.1063/1.4927400
https://doi.org/10.1063/1.4927400
https://doi.org/10.1016/j.ymssp.2018.11.050
https://doi.org/10.1016/j.ymssp.2018.11.050
https://doi.org/10.1115/1.4028453
https://doi.org/10.1115/1.4028453
https://doi.org/10.1016/j.ijmecsci.2020.106250
https://doi.org/10.1016/j.ijmecsci.2020.106250

	Mechanical metastructure with embedded phononic crystal for flexural wave attenuation
	1. Introduction
	2. Methodology
	2.1. Flexural wave in non-uniform beam
	2.2. Metastructure design with destructive interference

	3. Numerical analysis and experiment
	3.1. Numerical analysis
	3.1.1. One dimensional Embedded phononic crystal.
	3.1.2. Two dimensional Embedded phononic crystal.

	3.2. Physical experiment

	4. Conclusion and future work
	References


