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Experimental observation of the topological interface state in a one-dimensional
waterborne acoustic waveguide
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Topological insulators that exhibit localized states at the edges or interference regions have been
extensively investigated. Among these, waterborne acoustic topological interface states have significant
potential in applications such as particle manipulation. However, the large impedance of water can no
longer be ignored and sets difficulty in the construction of the waveguide in observing the topological
states. In this paper, we propose an effective strategy to circumvent this issue and achieve the direct
observation of the topological interface state in a waterborne acoustic waveguide as well as the associ-
ated nonzero Zak phases. Moreover, the robustness of the interface state against disorder is validated,
suggesting a viable method for studying underwater topological acoustic fields.
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I. INTRODUCTION

Originating from the context of the quantum Hall effect,
the concept of the topological insulator has generated con-
siderable recent research interest [1]. The most attractive
point is the existence of topologically protected localized
states in the lower-dimensional boundaries, which is guar-
anteed by bulk-boundary correspondence and is robust
to imperfections [2–6]. Based on the common properties
of wave motion, topological states can be extended to
various classical wave systems, such as photonics [7–9],
mechanics [10–12], and acoustics [13–17], in which the
localized states have potential in controlling the propaga-
tion of classical waves. Among these classical waves, the
acoustic wave, especially the waterborne acoustic wave, is
interesting for its potential application in noncontact par-
ticle manipulation [18–22], such as achieving medicine
transport and disease therapy [23].

To achieve topological states of waterborne acous-
tic waves, the simplest and typical Su-Schrieffer-Heeger
(SSH) model [24] is adopted. This is a one-dimensional
(1D) lattice that contains two different components in its
periodic unit cell and exhibits localized states at the end of
the topologically nontrivial phase or the interface between
two topologically distinct phases. The phase in the SSH
model is described by the Zak phase, which is a property
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arising from the bulk, and has the value of 0 or π for
the topologically trivial or nontrivial phase. A conven-
tional strategy for constructing the SSH model in airborne
acoustics is to resort the cavity-tube structure [25–28], with
the resonance cavities and tubes mapped to the sublattice
sites and couplings in the SSH model. Another approach
is based on the continuous case, including the multi-
layer system composed of materials with different acoustic
impedances [29,30], or the waveguide system composed
of segments with different geometrical sizes [31–34]. The
dispersion relationship of both systems can be obtained by
the continuity condition between the layers or segments.
However, such a strategy no longer works for waterborne
acoustic waves because the impedance of water can no
longer be ignored (compared with the airborne scenarios),
and consequently the acoustically rigid resonance cavities
and tubes cannot be well constructed in a background of
water.

In this work, we realize a topological interface state
in a 1D waterborne acoustic waveguide. The waveguide
is constructed using segments with different widths, and,
to further confine waves in the waveguide, a 2D steel-air
metastructure is designed in the walls of the waveguide.
We observe the topological interface state and experi-
mentally detect the nonzero Zak phase as the topological
invariant to protect the interface state. We further intro-
duce disorder in the experiment to verify the robustness
of the interface states. Our research demonstrates that
the waterborne acoustic waveguide maintains its topolog-
ical property at high frequency, providing a platform for
constructing the topological states in water.
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II. METHODS

We consider the unit cell of the acoustic waveguide
shown in Fig. 1(a). Here we show that it can map to the
SSH model. The acoustic waveguide is composed of seg-
ments with the same length l0 and two different widths
SA and SB. The acoustic wave propagates along the x
direction. Focusing on the monopole mode, the acoustic
pressure field is governed by the 1D Helmholtz equation
d2p/dx2 + k2p = 0, where the wave vector k = 2π f /cw
relates to the operational frequency f and the sound veloc-
ity in water cw = 1490 m/s. For the points where the width
of the waveguide changes abruptly, the acoustic pressure
and flow rate are continuous, which requires p+(x) =
p−(x) and S+dp+(x)/dx = S−dp−(x)/dx, with the super-
script +(−) denoting the right (left) side of the points. Tak-
ing the point A with coordinate xA

n (n represents the nth unit
cell) as an example, the fields at its two neighboring points
B with coordinates xB

n−1 and xB
n are related to that at point

A by the following equations: p(xB
n ) = p+(xA

n + l0) =
cos(kl0)p+(xA

n ) + sin(kl0)k−1dp+(xA
n )/dx and p(xB

n−1) =
p−(xA

n − l0) = cos(kl0)p−(xA
n ) − sin(kl0)k−1dp−(xA

n )/dx.
Here the second equality holds since the general solu-
tions in each segment are expressed in trigonometric func-
tions. Combining the above equations with the continu-
ity conditions, one obtains tAp(xB

n ) + tBp(xB
n−1) = Ep(xA

n ),
where tA(B) = SA(B)/(SA + SB) and E = cos(2π f l0/cw).
Similarly, tAp(xA

n ) + tBp(xA
n+1) = Ep(xB

n ) for the point B.
Therefore, we have built the relations between the acous-
tic pressure at the points where the width of the waveguide
changes. These points can directly map to the sublattice
sites in the SSH model [blue and red dots in Fig. 1(a)]
with tA(B) and E being the hoppings and energy, respec-
tively [35]. Based on the band structures of the SSH model,

i.e., E = ±
√

t2A + t2B + 2tA tB cos(2kl0), the analytical dis-
persions of the acoustic waveguide are plotted as the blue
curves in Fig. 1(a), in comparison to the simulated results
(using the finite-element analysis software COMSOL Multi-
physics) denoted by red curves. The analytical dispersions
repeat with the increase of frequency and coincide well
with simulated ones from the first to the fifth band. As the
frequency increases, the wavelength in water is no longer
much larger than the width of the waveguide and the 1D
approximation is gradually broken, resulting in a consider-
able difference between the analytical and simulated results
in the sixth band. Nevertheless, the band gap between the
fifth and sixth bands, ranging from 0.319 to 0.336 MHz,
is still a typical gap in the SSH model, and this frequency
range is compatible with our experimental measurement
conditions.

Since the impedance of water cannot be ignored when
compared to general solid materials, a 2D steel-air metas-
tructure is designed to screen solid modes [36,37]. The
unit cell of the metastructure is schematically shown in
Fig. 1(b), together with its dispersions. The parameters

(a)

(c)

(d) (e)

(b)

FIG. 1. (a) Upper panel: Schematic of the unit cell of the
acoustic waveguide, which can map to an SSH model. The struc-
ture parameters are SA = 2.2 mm, SB = 3.5 mm, a0 = 11 mm,
and l0 = a0/2. Lower panel: The corresponding calculated (blue
curves) and simulated (red curves) dispersions of the acoustic
waveguide. The gray dots represent the high-order modes in
the waveguide. (b) Upper panel: Schematic of the unit cell for
the metastructures in the waveguide walls. Lower panel: The
corresponding simulated dispersions of the metastructure. The
structure parameters are a1 = 7 mm, r = 4.0 mm, d = 0.8 mm,
and θ = 51◦. In (a),(b), the gray, green, and blue areas represent
steel, air, and water, and the yellow regions denote the com-
mon band gap. (c) Schematic of the supercell with an interface.
The origin is set at the left edge of the waveguide. For the left
side SA = 2.2 mm and SB = 3.5 mm, while for the right side
SA = 3.5 mm and SB = 2.2 mm. (d) Eigenfrequency spectra of
the supercell. The red dot denotes the interface state. (e) Ampli-
tude distribution of the interface state along the center line of the
waveguide.

are as follows: for the solid material made by 316L stain-
less steel, the Young’s modulus E = 190 GPa, the Poisson
ratio ν = 0.26, and the mass density ρs = 8000 kg/m3;
and for air, the sound velocity ca = 343 m/s, and the mass
density ρa = 1.29 kg/m3. The band gap in such a metas-
tructure can be adjusted by the rotation angle θ of the

044008-2



EXPERIMENTAL OBSERVATION OF THE . . . PHYS. REV. APPLIED 20, 044008 (2023)

air slot. When θ = 51◦, a band gap opens and ranges
from 0.257 to 0.348 MHz, which completely covers the
band gap of the water waveguide. The impedance of the
metastructure, owing to its omnidirectional band gap, mis-
matches that of water, thus providing perfect protection to
the waterborne modes in the waveguide.

As shown in Fig. 1(c), by connecting two periodic
acoustic waveguides of different topologies, we build the
supercell with an interface, where acoustic waves prop-
agate in the waveguide along the x direction. The total
length of the supercell is 264 mm. The eigenfrequency of
the supercell obtained by simulation is plotted in Fig. 1(d),
where the bulk and interface states are marked by black
and red dots, respectively. The interface state occurs within
the band gap at the frequency of 0.329 MHz. Its ampli-
tude distribution along the central line of the waveguide is
plotted in Fig. 1(e), which is highly localized and exhibits
exponential decay away from the interface.

III. RESULTS AND DISCUSSION

To experimentally observe the waterborne interface
state, we fabricate the waveguide by using a 3D-metal-
printing method. The sample is shown in Fig. 2(a). The
upper face of the sample is sealed to construct air slots.
The height of the sample is 75 mm in the z direction, much
larger than the operational wavelength (about 4.8 mm),
providing an ideal platform to observe the wave prop-
agations along the x direction. Figure 2(b) shows the
experimental setup. The ultrasonic transducer has a cen-
tral frequency of 0.5 MHz and a diameter of 25 mm, and
is placed 40 mm away from the left edge to offer a plane-
wave incidence. In experiment, with a pulse (with time

(a) (c)

(b)

FIG. 2. (a) Photograph of the 3D-metal-printed sample. (b)
Schematic of the experimental setup. (c) Band dispersions along
the kx direction of the waveguide. The color maps and red curves
represent the experimental and simulated results, respectively.

duration 10 μs) repeatedly sent from the transducer, the
frequency-dependent acoustic fields along the waveguide
are scanned by a pinducer. The diameter of the pinducer
is 1.9 mm, slightly smaller than the width of the waveg-
uide, which only permits the pinducer to scan along the
x direction. Meanwhile, it detects the time-domain signals
and transforms them into the frequency domain. By fur-
ther Fourier transforming the frequency-dependent acous-
tic fields into momentum space, the measured dispersions
of the waveguide are obtained and shown by color maps
in Fig. 2(c), capturing the simulated dispersions of the
positive propagation modes.

(a) (b)

(c)

(e)

(f) (g)

(d)

FIG. 3. (a) Band structure simulated for the unit cell consist-
ing of the waveguide and the metastructure walls. The black
curves represent the monopole waveguide mode while the gray
dots denote other modes, including the high-order waveguide
modes in water and modes in the metastructure. (b) Left panel:
Schematic of the unit cell. Right panel: Simulated field distribu-
tions for the band-edge states marked by red and blue dots in (a).
(c),(d) Simulated and measured pressure fields in one unit cell,
excited at the frequencies of the band-edge states. (e) Simulated
displacement field for the interface state, excited by a plane-wave
incidence. (f) Measured pressure amplitude near the interface
as a function of frequency. The yellow region denotes the band
gap. (g) Measured interface state distributions at a frequency of
0.331 MHz.
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The topological property of the acoustic waveguide can
be characterized by the Zak phase. The simulated disper-
sions of the water waveguide sandwiched by the walls
of steel-air metastructures are shown in Fig. 3(a). As
expected, there is no other mode in the band gap. Note
that for specific parameters, the metastructures can host
topologically trivial defect modes in the waveguide, which,
however, are sensitive to geometry parameters and can
be removed from the band gap. For the lower band, the
band-edge states at the center and boundaries of the first
Brillouin zone are denoted by red and blue dots, respec-
tively. Their acoustic pressure distributions are depicted in
Fig. 3(b). The two states have different parity with respect
to the center of the unit cell, indicating a nontrivial Zak
phase of π . This property can also be demonstrated in
experiment by measuring the acoustic pressure distribu-
tions in the waveguide under excitations at the band-edge
frequencies. We select in the waveguide a unit cell with the
x coordinate from 57.75 to 68.75 mm (the left edge of the
waveguide is set to x = 0 mm). The simulated and mea-
sured results at the middle lines are exhibited in Figs. 3(c)
and 3(d), which agree well with each other and consistently
manifest the different parity features for the band-edge
states.

With the nontrivial Zak phase, an interface state arises
and is detectable when the excitation is at the inter-
face state frequency within the band gap. The simulated
displacement field under this excitation is provided in
Fig. 3(e), which shows the field in the water waveguide
is highly localized near the interface. In comparison, the
field in the solid part is nearly negligible, which means the
steel-air metastructure works well and screens all the solid
modes. We measure the response spectra of the interface

(a)

(b) (c)

FIG. 4. (a) Schematic of the supercell with disorder. The red
bars represent the steel sheets serving as the introduced dis-
order. (b) Measured pressure amplitude near the interface as
a function of frequency. The yellow region denotes the band
gap. (c) Measured interface state distribution at a frequency of
0.329 MHz.

state by inserting the pinducer at the interface. As shown
in Fig. 3(f), the measured spectra reach a peak at around
0.331 MHz within the frequency band gap (marked as the
yellow region). This peak frequency corresponds to that of
the interface state. We further measure the spatial distribu-
tion of pressure field at this frequency. The result is shown
in Fig. 3(g), where the pressure amplitude decays rapidly
away from the interface point (at x = 132 mm).

Finally, we experimentally study the influence of disor-
der. As shown in Fig. 4(a), six steel sheets (marked as red)
are stuck randomly to the walls of the waveguide to change
its width. The measured amplitude response spectra of the
sample with the disorder are shown in Fig. 4(b), where
the peak of the interface state in the band gap is robust to
the disorder. The corresponding pressure field distribution
of the interface state is exhibited in Fig. 4(b) and shows
localization at the interface point.

IV. CONCLUSION

In summary, we realize a 1D waterborne acoustic
waveguide. We experimentally measure the nonzero Zak
phase and observe the topological interface state and
its robustness against disorder. In our design, a steel-air
metastructure is used to open a wide and high frequency
band gap that screens the unwanted solid modes, pro-
viding a strategy to observe topological states in water.
The robustness of the topological states in water provides
possible applications to versatile usages such as water-
borne acoustic field manipulations, sonar sensors, and
noninvasive acoustic tweezers.
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