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Topological phase is an important development and unexplored
degree of freedom of traditional band theory [1]. Generally, it man-
ifests in physics through the boundary states revealed by the bulk-
edge correspondence. Kaleidoscopic bulk topology implies various
low-dimensional states at the boundary, giving extraordinary
approaches to manipulate waves. Another structure that encodes
the band topology is the system associated with space–time evolu-
tion, such as Floquet topological insulator [2,3]. Its quasistatic limit
involves time-dependent dynamic adiabatic evolution [4,5]. How-
ever, dynamic evolution is challenging as it requires fast modula-
tion to overcome the dissipation of state before it is pumped
from one edge to another [6]. An alternative approach is to use
an additional degree of freedom to replace the role of time, and
an illuminating system is the weakly coupled waveguides, whose
governing equation can be directly mapped to Schrödinger equa-
tion with time modulation replaced by wave propagation along
the waveguides. Recently, such strategy has been largely explored
to realize the pumping of topological boundary states in optics
[7,8] and elastic wave [9,10]. However, the strategy for acoustics
is subtly different as the coupling of the acoustic waveguides is
not weak for the fundamental waveguide mode. Thus exploring
the possibility to realize two-dimensional (2D) topological acoustic
pumping in a continuous regime remains an open question.

Here we theoretically propose and experimentally verify a sim-
ple continuous design to realize higher-order topological state
pumping in acoustics. The system comprises straight waveguides
with coordinate-dependent coupling waveguides that contribute
two synthetic dimensions, making our design a four-dimensional
(4D) system. The topological pumping incorporates adiabatic mod-
ulation of continuously varied coupling waveguides, rendering as
abstract trajectories in the synthetic dimensions. With the control
over the phason in the synthetic space and the excitation by the
corresponding sound source mode, we have realized the real space
localized wave manipulating, such as robust directional edge-to-
edge and corner-to-corner transport. Our synthetic system
achieved through continuous modulations provides an effective
way for 2D topological acoustic pumping for exploring the
higher-order and high-dimensional topological phase to control
wave propagation in three dimensions.

The designed sample is schematically illustrated in Fig. 1a and
the corresponding unit-cell is shown in Fig. 1b. The adiabatic vari-
ation of phase parameters is realized by continuously modulating
the coupling waveguides. To be specific, the modulating channel
thickness h is a function of z, written as hln ¼ h0 þ
dhcosð2pbnþulðzÞÞ (n = 1, 2, 3), l=x or l = y. The modulation
has a phase factor ux, which can be regarded as a pseudomomen-
tum that constitutes a synthetic dimension in our system. When
the phase parameters ux and uy linearly depend on z, the channel
thickness follows cosine modulation profile. The system holds both
4D quantum Hall physics and higher-order topology [7,11], which
manifests as edge states and corner states in 2D real space, respec-
tively. More details about design method are provided in the Sup-
plementary materials. We consider a system containing 12 � 12
cavities, the eigenfrequency spectra as functions of ux and uy of
edge (corner) states are plotted in Fig. 1c (d). The simulated eigen-
fields are shown in the right panel to verify the existence of the
corresponding edge states and corner states.

Since these topological states in the 2D real space systems are

labelled with synthetic coordinates ux;uy
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Fig. 1. (Color online) Schematic of the design sample and the eigenfrequency spectra. (a) Schematic of channel-modulated acoustic structure. (b) Unit-cell of 2D topological
pumping system with 3 � 3 sites. (c) The eigenfrequency spectra of edge modes plotted as functions of ux and uy . Right: The simulated edge states eigenfields of 2D finite
acoustic array containing 12 � 12 sites with the eigenfrequency f ¼ 4002Hz. The brown circle points indicate the synthetic coordinates. (d) The eigenfrequency spectra of
corner modes. Zoom-in shows eigenfrequency spectra of the highest frequency band partially extracted from Fig. 1c. The purple line and orange line describe two distinct
phase orbits. Right: The simulated corner states eigenfields with the frequency f ¼ 5839 Hz. The green, purple and orange circle points indicate the synthetic coordinates.
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these topological boundary states according to the designed pha-
son paths. We consider two specific configurations. In configura-
tion A, the variation of the synthetic coordinate follows a
trajectory from �0:5p; �0:5pð Þ to 0:5p; 0:5pð Þ; as shown by the
purple line in Fig. 1d; in configuration B, it gradually turns from
�0:5p; �0:5pð Þ to 0:5p; �0:5pð Þ while keeping uy constant, as
shown by the orange line in Fig. 1d.
Fig. 2. (Color online) Topological pumping of two designed samples. (a–h) Experimental
and the sample B (e–h), respectively. The sample A and the sample B are designed to ev
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We now investigate the topological state pumping in the above
two designed samples, which are fabricated by the stereolitho-
graphic 3D printing technique. More details about the two samples
and experimental method are provided in the Supplementary
materials. As we elaborated above, the system supports multiple
topological edge states and corner states at each cut-plane with
distinct frequency. In order to drive these states propagating along
observation of edge-to-edge and corner-to-corner pumping for the sample A (a–d)
olve along the purple line and the orange line in Fig. 1d, respectively.
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z direction, the propagation constant must be real, which requires
the exciting frequency to be higher than the eigenfrequency of
these states in 2D cut-plane. We set the working frequency to be
6000 Hz, which is sufficient to excite the edge states and corner
states of our interest in this study. In Fig. 2a, we demonstrate
experimentally the predicted edge-edge transport in our real
three-dimensional (3D) acoustic sample A. We also plot the acous-
tic field at several cut-planes to better show the edge-to-edge
transport in Fig. 2b. As we can see from Fig. 2a, b, the acoustic field
indeed transports from one edge to another edge as it propagates
along z direction. The sample is able to support corner-to-corner
transport as well. As shown in Fig. 2c, d, the state evolves from
the bottom-left corner at the input end to the upper-right corner
of the output end, which reveals that the distribution of sound
pressure field indeed renders the topological pumping process in
the physical dimensions. So far our results evidently show poten-
tial to manipulate the acoustic state in 3D real structure.

By adjusting the given trajectory in phase space, the pumping
processes are directional, which offers additional degree of free-
dom to control waves in 3D real space. As for sample B, since uy

is unchanged, the edge state will not change its localization in y
direction. The edge state contributed by sparable one-
dimensional model in y direction will keep at the same edge, which
is verified by experiments as shown in Fig. 2e, f. Also, the corner
states transport path swaps from the original bulk diagonal to
the plane diagonal at the same side of our sample, as shown in
Fig. 2g, h. Note that all the above experimental results are validated
by the numerical simulations, whose details are provided in the
Supplementary materials.

In conclusion, we have experimentally verified a method to
drive acoustic wave in 3D structures along a predefined path by
utilizing 4D topology. The synthetic 4D system is contributed by
introducing two synthetic dimensions through the phason
encoded in continuously varied waveguides, which are feasible to
fabricate. Compared to the 4D topology-induced boundary states
in synthetic dimension labelled samples [12], we study the bound-
ary states evolution in an integrated sample. The 4D topology is
revealed by boundary states transferring. The implementation of
edge-to-edge and corner-to-corner transport rely on adiabatic
modulation of states along a given orbit in the phason space.
Future work may explore the non-adiabatic evolution to speed
up the pumping rate and shorten the modulation length with
fast-driven pumping cycles [13]. It’s worth noting that the topolog-
ical boundary states to be pumped are not necessarily confined to
the boundary of the real 3D structure. The topological states may
manifest as waveguided states in the 3D bulk protected by employ-
ing only one synthetic dimension but three spatial dimensions to
construct 4D topology [14,15]. We believe that our work provides
a reference to realize a controllable, programmable and robust
acoustic wave transport by employing high-dimensional topologi-
cal physics.
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Supplementary materials to this short communication can be
found online at https://doi.org/10.1016/j.scib.2022.09.002.
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