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ABSTRACT

Topological insulators have attracted intensive attention due to their robust properties of path defect immunity, with diverse applications in
electromagnetic, acoustic, and elastic systems. The recent development of elastic topological insulators (ETIs), based on artificially structured
phononic crystals, has injected new momentum into the manipulation of elastic waves. Earlier ETIs with unreconfigurable geometry
and narrow frequency bandgaps hinder the exploration and design of adaptable devices. In this work, a tunable phononic crystal plate with
Y-shaped prisms is designed to support valley transport of elastic waves, based on the analogy of the quantum valley Hall effect. By rotating
the prisms to reconstruct the configuration, the mirror symmetry is broken to open a new bandgap. Based on this characteristic, we design
an interface between two ETIs with different symmetry-broken geometries, which supports topologically protected edge states. We further
design a reconfigurable device for elastic wave channel switching and beam splitting and demonstrate it both numerically and experimentally.
In addition, in order to meet the requirement of the wide frequency range, the genetic algorithm is adopted to optimize the geometry so as
to achieve the broadband valley transportation of elastic waves. The results obtained in this paper can promote the practical applications of
tunable broadband elastic wave transmission.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036840

It is well known that there are three polarizations1 for elastic wave
propagation in infinite homogeneous materials (i.e., one is longitudinal
and the other two are transverse). The complex coupling and conversion
between different polarization modes under specific elastic boundary
hinder the ability to manipulate elastic waves. Therefore, it is of great
importance to reduce the number of modes considered and make them
decoupled. For a subwavelength-thick plate, we just need to consider
three zeroth-order elastic wave modes in the low-frequency regime, i.e.,
symmetrical Lamb mode (S0), anti-symmetrical Lamb mode (A0), and
shear horizontal mode (SH0). It is noticed that the out-of-plane displace-
ment mostly dominates the A0 mode, which can be easily excited by a
vertical load applied to one surface of the plate. This serves as a precious
foundation to realize topological phases in this work.

In recent years, the analogy of quantum Hall effects (QHEs),
quantum spin Hall effects (QSHEs), and quantum valley Hall effects
(QVHEs) to the classical electromagnetic,2–5 acoustic,6–12 and

mechanical13–22 systems has become a research hotspot.13,17,23–25 In
the field of condensed matter physics, QVHEs are realized by intro-
ducing angular rotation of the electron wave function at points K and
K 0 in the first Brillouin zone (first BZ), which provides an intrinsic
magnetic moment, analogous to that provided by the electron spin.
Similarly, vortex chirality (i.e., pseudospin) of elastic energy flow pro-
vides a new degree of freedom for elastic waves via the orbital angular
momentum, which can be realized by breaking the mirror symmetry.
Based on this idea, many successful works have been demonstrated in
the past few years. In elastic systems, the bandgap (where topologically
protected edge states can exist) can be opened in miscellaneous ways
such as introducing a difference in the mass16,23,26,27 and/or in the
stiffness,23,26 making geometric frustration,28,29 changing the local
strain field,30 or rotating specific components.31–33 Among them, a dis-
cretized spring-mass system23 can serve as a versatile platform to
achieve various topological phases. However, the designed geometries
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of these existing elastic topological insulators (ETIs), while effective in
demonstrating the topological phenomena, are unreconfigurable and
with relatively narrow band characteristic that may hinder the practi-
cal application in flexible and active control of elastic waves.

To mitigate these problems, we proposed a thin phononic crystal
plate (PCP) to present an analog to QVHEs by utilizing the property
of A0 mode. The PCP was constructed by arranging cylindrical prisms
on both sides of a uniform plate. When designing the configuration
of the PCP, we further optimized the traditional triangular prism
[Fig. 1(a)] and designed a Y-shaped one [Fig. 1(b)]. Breaking the

mirror symmetry could be accomplished by simply rotating the Y-
shaped prism on both sides of the plate while preserving the C3 sym-
metry, which leads to the opening of the Dirac point, forming a new
bandgap. What needs to be emphasized here is that, the improved Y-
shaped prism can have a wider bandgap than the triangular one, which
also satisfies our broadband design purpose. In addition, structural
optimization technology can be used to achieve the optimal working
frequency range of valley transportation.34 In order to make the broad-
band effect more obvious, we used the genetic algorithm35 to further
optimize the configuration of the PCP so as to broaden the bandgap
where valley transport modes can be excited. The reader is referred to
the supplementary material for more details about the optimization.

In this way, the two valleys (K and K 0) are not equivalent to each
other in the reciprocal space and chiral-valley edge states are formed
along the interface between two PCPs with different topological phases.
Topologically protected valley transport modes are observed both
numerically and experimentally, of which the robustness to defects and
local disorder is verified as well. Finally, the reconfigurability of the
PCP is demonstrated by constructing a “control region” where the
orientation of Y-shaped prisms can be controlled. The switching of two
orientation states enables the elastic waves to only propagate in the
desired channel or in two channels simultaneously (i.e., a beam
splitter). The proposed reconfigurable and broadband PCP provides a

FIG. 1. Two configurations: (a) PCP with a triangular prism; and (b) PCP with a Y-
shaped prism. The distance between the vertex and the center of the triangle prism
in (a) is consistent with the leg length of the Y-shaped prism in (b).

FIG. 2. PCP with Y-shaped prisms. The plate is made of aluminum with mass density q0 ¼ 2700 kg=m3, longitudinal wave velocity cL0 ¼ 5091:8m=s, and transverse wave
velocity cT0 ¼ 3110:3 m=s. The prisms are made by stainless steel with q1 ¼ 7903 kg=m3, cL0 ¼ 5264:1m=s, and cT0 ¼ 3239:8 m=s. (a) The whole PCP structure; (b) unit
cell of the PCP with two Y-shaped cylindrical prisms on both sides; (c) the first Brillouin zone and irreducible Brillouin zone (shadow part) of the lattice; (d) the relation between
the rotation angle u and the width of bandgap; and (e)–(g) dispersion relations with different angles u ¼ 30�, u ¼ 0, and u ¼ �30�, respectively. The symbols Kþ and K�

denote the pseudospin states.
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useful platform for elastic wave manipulation, where various future
applications in integrated on-chip mechanical system,33 structural
health monitoring,36,37 and elastic wave focusing38 can be expected.

The unit cell of this PCP is shown in Figs. 2(a) and 2(b), where
a1 and a2 are the basis vectors of the unit cell, a is the lattice constant,
and h1 and h2 denote the thickness of the plate and the Y-shaped
prisms, respectively. The length and width of each leg of the Y-shaped
prism are l and w, respectively, and u is the anticlockwise rotation
angle of the prism. The concrete values are a ¼ 25mm, h1 ¼ 0:2a,
h2 ¼ 0:4a, l ¼ 0:4361a, and t ¼ 0:2379a, which have been optimized
by the genetic algorithm (see the supplementary material). The sub-
strate plate is made of aluminum, and the prisms are made by stainless
steel. The first BZ of the unit cell is shown in Fig. 2(c), whose shadow
part is the irreducible BZ, and the band structure is scanned from
the path C�M � K � C around the irreducible BZ. It appears in
Fig. 2(f) with u ¼ 0� that in the low frequency range, there are only
three dispersive curves, which are A0, S0, and SH0 modes, respectively.
The out-of-plane mode A0 dominates all the band structures and is of
major interest in the noncontact measurement, characterized by the

parabolic dispersions. Because of the matched mirror symmetries
between the lattice and triangular scatterers, the Dirac cone at the
corners of first BZ is preserved [Fig. 2(f)]. By rotating the upper and
lower prisms around their geometric center simultaneously, the band
structure will be changed, due to the breaking of mirror symmetry.
When u ¼ 30� and u ¼ �30�, the band structures are shown in Figs.
2(e) and 2(g), respectively, where we can clearly see that a wide
bandgap is opened. In fact, the rotation angle can be other values, lead-
ing to the characteristic of the tunable bandgap, as shown in Fig. 2(d).

It should be noted that in the band structure of A0 mode, in prin-
ciple, there can also exist the SH0 and S0 modes, as shown in Fig. 3(a).
However, in the following simulations and experiments, we can just
excite the z-direction displacement at the source point of the PCP to
get pure A0 mode, since the A0 mode is easily excited separately. The
finite element method (FEM) software COMSOL Multiphysics is used
here to carry out the dispersion analysis. The topological mode
inversion process is illustrated in Fig. 3(b), accompanied by the broken
mirror symmetry. In order to get an understanding of the physical
picture behind the pseudospin states, we map the elastic z-displacement,

FIG. 3. Modal analysis. (a) A0, S0, and SH0 modes at three points in Fig. 1(f). Rainbow color shows the displacement field and the black profile denotes the undeformed struc-
ture; (b) topological mode inversion with the transition of pseudospin states. The rainbow color shows the amplitude of the absolute value of the z-component displacement,
the black arrows represent the direction of the mechanical energy flow of the elastic wave, and the gray arrows denote the direction of phase change via time.
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energy flow, and phase fields, as shown in Fig. 3(b). The z-direction dis-
placement modes at the two points (K� and Kþ) are similar, but the
cyclic directions of mechanical energy flow are opposite to each other,
which represent the valley pseudospin modes with opposite chirality.
Here, elastic valley pseudospin states (K� and Kþ) exhibit reversed chi-
rality similar to electronic spin states. These kinds of chiral patterns are
also reported in other ETIs,4,12,33 and can be seen as an important char-
acteristic of valley ETIs. The chirality characteristic of the Lamb wave
valley mode originates from the fact that valley modes carry an intrinsic
orbital angular momentum.

Next, we combine two kinds of PCPs with distinct nontrivial
topological phases (CKþ ¼ 1=2 and CK� ¼ �1=2), one being the PCP
with u ¼ 30� (Type-I) and the other one with u ¼ �30� (Type-II), to
form a supercell, as shown in Fig. 4(a), which contains two interfaces.
All the boundaries of the supercell are applied with Bloch periodic
boundary. The projection of the band structure along the CK direction

is shown in Fig. 4(b), where the blue and gray dots represent the in-
plane and out-of-plane bulk states, respectively, and the red and green
lines represent the two edge states, which are located at the two interfa-
ces of I–II and II–I, respectively.

We can see that the edge modes in Fig. 4(c) are all A0 modes. By
mapping valley edge states from K 0 to K along ky ¼ 0 in first BZ, we
take four symmetrical points on each line to check their modes and
mechanical energy flow. It can be found that the valley pseudospin
modes of points A1 and A2 in the range of �p=2a � 0 have an anti-
clockwise mechanical energy flow, while those of points B1 and B2 at
the same position in the reciprocal space are clockwise. Similarly, the
pseudospin modes on points A1

0 and A2
0 and points B1

0 and B2
0 are

opposite to the above. Simulation results show that these two edge
states have opposite propagation directions, and there exists a one-way
propagation of pseudospin dependent elastic wave on the surface.
Therefore, we will use this property to design the waveguides via using

FIG. 4. Dispersion relation and modal analysis of the supercell. (a) A supercell composed of Type-I and Type-II PCs; (b) projected band structure along the CK direction
for the supercell in (a), where blue dots are the in-plane modes, the gray dots are the out-of-plane modes, and the red and green lines denote edge states; and (c) different
edge modes corresponding to points A1;2, A01;2, B1;2, and B01;2. The black arrows denote the direction of mechanical energy flow, which describes the spatial distribution
and direction of energy flux, and in COMSOL, its component is expressed as Ii ¼ 1

2 Reð�rij v�j Þ, where rij is the stress component and v�j is the complex conjugate of the
particle velocity component.
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two different valley pseudospin edge states to achieve robust elastic
wave propagation control.

The sample was fabricated according to the design described
above to confirm the simulation results experimentally. The prisms
with different u were installed at the designated positions on the front
and back sides of the aluminum plate. During the test, we used a
shaker (4809, B&K), which was amplified by the power amplifier
(2718, B&K), to excite the sample at the specified frequency. The
shaker was fixed on the back side of the sample, and the exciting rod
was connected with the quasi excitation point on the plate. The out-

of-plane velocity wave field was measured by the scanning vibrometer
(Polytec PSV-500) and recorded by the data acquisition. The picture
of the experimental setup is shown in Fig. 5.

Based on the analysis of the valley pseudospin edge states in a
supercell, we take its transmission characteristics of topological protec-
tion to construct the corresponding interface by combining the Type-I
and Type-II PCPs. Our purposes are to verify the topological robust-
ness of the structure with defects and to design relevant experiments
to validate the simulation results, as shown in Fig. 6. Here, we design
three kinds of defects: (I) Z-bend with sharp corners [Fig. 6(b)], (II) a

FIG. 5. Robustness of the topologically protected waveguide against different kinds of defects. (a) Uninterrupted; (b) Z-bend; (c) a cavity; and (d) a disordered area. White and
black in the color bar denote maximum and minimum out-of-plane displacement jwj, respectively. The arrows indicate the direction of elastic wave propagation.

FIG. 6. Picture of the experimental setup.
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cavity [Fig. 6(c)], and (III) a disordered area [Fig. 6(d)]. For compari-
son, Fig. 6(a) shows an uninterrupted straight-line waveguide without
any defects. The simulation and experimental results indicate that it
can realize the stable transmission of the elastic wave. Figures
6(b)–6(d) are the waveguide channels with different defects, which
show that, even if there are bends, cavities, and disordered areas in the
path of waveguide, the elastic wave can still propagate along the wave-
guide robustly. It means this kind of structure has a strong ability of
defect and bending immunity and can be an excellent candidate for
elastic wave control devices. It is noted that the lower transmission
observed in experiment than the simulated one should be due to the
intrinsic material damping that was not considered in the simulations.
In Sec. 6 of the supplementary material, we make a comparison
between the simulation results for material with and without damping,
which clearly indicates that the intrinsic material loss factor and
damping can lead to a lower transmission, but the wave propagation
characteristic of the overall design remains unchanged.

In addition, due to the reconfigurable property of the structure,
we can use it to design a tunable topological elastic wave channel
switcher and beam splitter combined with the immunity property for
bending defects. As shown in Fig. 7(a), the blue region is a reconfigur-
able control region. We can construct waveguides with different chan-
nels via rotating the Y-shaped prisms in this area to realize the multi-
channel propagation of elastic waves. When the upper and lower half
areas of the control region are filled with Type-I and Type-II, respec-
tively, the elastic waves will propagate along the straight line, as shown
in Fig. 7(b), similar to that in Fig. 6(a). When exchanging the Type-I

and Type-II areas, the elastic energy is partitioned equally into two
parts and propagates into channel III and channel I, simultaneously,
like Fig. 7(c), as a beam splitter. The reason why the elastic wave does
not continue its straight-line channel is that the interfaces require elas-
tic waves with opposite chirality, leading to the prevention of coupling.
When the control region is adjusted to have only the Type-I or Type-
II prisms, the wave output channel will be channel I or channel III, as
indicated in Figs. 7(d) or 7(e). Moreover, we can install the electro-
magnetic control module under the prism and control it automatically
by computer. In addition, the tunable region can be changed accord-
ing to the actual needs to achieve more abundant multi-angle and
multi-channel controllable and programmable waveguides.

In this paper, we constructed a reconfigurable thin phononic
crystal plate with Y-shaped prisms arranged periodically on the top
and bottom planes. By rotating the prisms, the A0 mode part of the
band structure realizes the opening and closing for the Dirac cone and
the topological phase transition, thus realizing the valley Hall analogy
of elastic waves. Based on this topological property, we can design the
waveguide immune to defects and bendings, which reduces the energy
loss in the process of elastic wave transmission and realizes robust elas-
tic wave regulation. The strong robustness of the structure was verified
by both experiments and simulations. In addition, we also used the
genetic algorithm to optimize the structure to achieve the broadband
effect and increase its practicability. The results obtained in this paper
are of great significance to the practical applications of reconfigurable
broadband elastic wave transmission.

FIG. 7. (a) Reconfigurable topological elastic wave channel switcher or beam splitter, with the blue part being the tunable region, and different exits can be realized via rotating
the Y-shaped prisms within this region; (b) elastic wave transmission through exits I and II at the same time; and (c) and (d) elastic wave transmission through exit I or II,
showing the intrinsic symmetry in both simulation and experiment.
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See the supplementary material for the complete process of opti-
mization, the calculation of the effective Hamiltonian, and the extra
information of experiments.
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