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All-angle unidirectional flat-band acoustic
metasurfaces

Chenglin Han1,2,3,4,10, Shida Fan1,10, Hong-Tao Zhou 3,5,10, KuanHe1, Yurou Jia3,6,
Changyou Li1, Hongzhu Li5, Xiao-Dong Yang 7,8 , Li-Qun Chen 9,
Tianzhi Yang 1,2,4 & Cheng-Wei Qiu 3

Flat bands have empowered novel phenomena such as robust canalization
with strong localization, high-collimation and low-loss propagation. However,
the spatial symmetry protection in photonic or acoustic lattices naturally
forces flat bands to manifest in pairs aligned at an inherently specific angle,
resulting in a fixed bidirectional canalization. Here, we report an acoustic flat-
band metasurface, allowing not only unidirectional canalization at all in-plane
angles but also robust tunability in band alignment. The twist, tilt, and skew
angles of the bilayer metasurface can be flexibly controlled to break both in-
plane and out-of-plane spatial symmetries. These features can thereby turn
arbitrary twist angles between bilayers into ‘magic angles’, while maintaining
all unidirectional canalization and band alignment tunability. This work may
significantly contribute to pushing twisted moiré physics into higher dimen-
sions and facilitate the application of advanced acoustic or optical devices.

The magic angle, a unique phenomenon observed in twisted moiré
systems, has captured considerable attention across various fields
spanning from electronics and photonics to phononics1–12. It repre-
sents a critical point where the interlayer interactions reach a delicate
balance, giving rise to the emergence of unconventional flat bands13,14.
Benefitting from theminimal dispersion features, bilayermoiré lattices
at the magic angle allow for the rapid transport of electrons, photons,
and phonons in a quasi-lossless manner15–19. This groundbreaking dis-
covery opens up new opportunities for customizing sensing devices
with exceptional electrical, optical, and acoustic properties20–23.

Recently, a distinct class of flat bands with topological transition
has emerged within highly anisotropic twisted moiré systems24–27.
Leveraging a tailored hyperbolic dispersion relationship, wave propa-
gationwithin each layer is predominantly confined to a single principal
direction in the plane, while undergoing rapid attenuation in the

perpendicular orientation28. Furthermore, the pronounced interlayer
interactions intricately hybridize the dispersion relationships upon the
superposition of two such twisted layers29,30. With variations in the
twist angle, the dispersion curve transitions from an open hyperbolic
to a closed elliptical shape. At the magic angle, a critical state is
reached, showcasing exceptional flatness. During this phase, wave
propagation exhibits strong localization, high collimation, and low
loss31,32. These unique features further distinguish the twisted system
as the only known entity with such superior wave characteristics33,34.

However, several significant inherent limitations persist within
twisted bilayer moiré systems despite some advancements. The
limited magic angles constrain the canalization direction of the flat
band to be fixed in several directions at each operating frequency35,36.
Furthermore, the magic-angle-induced flat band has exclusively
maintained mirror-symmetrical bidirectional polarization. These
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imperfections significantly limit the flexibility and diversity of bilayer
moiré systems in practical applications.

Here, we propose the concept of a symmetry-broken moiré
system to directly eliminate these inherent constraints in the existing
bilayer configuration. All twisted angles can be turned to be “magic
angles” by breaking the in-plane symmetry in each lattice of our
bilayer metamaterial. More importantly, by further breaking the out-
of-plane symmetry, tunable unidirectional canalization with flat band
alignment can be achieved, marking another significant distinction
from all previous magic-angle-related reports featuring bidirectional
canalization13,22. As a proof of concept, we theoretically and experi-
mentally demonstrate a bilayer acoustic moiré system incorporating
nonlocal hyperbolic metasurfaces. The spatial symmetry of the
bilayer moiré system is tailored by adjusting the introduced tilt and
skew angles along both in-plane and out-of-plane directions. The
broken symmetry eliminates the sole dependence on the twist angle
and creates a more intricate interlayer coupling mechanism, thus
enabling the tunability of canalization direction and orientation.

Results
Symmetry-broken bilayer moiré metasurfaces
Figure 1a shows the schematic of the proposed symmetry-broken
bilayer moiré metasurfaces. It consists of two tight stacks of nonlocal
hyperbolic acoustic metasurfaces with in-plane deformation and out-
of-plane tilt. The periodic supercell in each monolayer resembles a
triclinic configuration, defined by the skew angle (β) in the x-y plane,
and the tilt angle (γ) in the y-z plane. The evolution of symmetry
breaking is illustrated in Fig. 1b. In-plane and out-of-plane symmetries
are broken by introducing non-zero values for β and γ, respectively.
The further control of the twist angle (θ) between the two layers will
allow the symmetry-brokenmoiré system to achieve the unidirectional
canalization in any direction (φ).

To implement the concept, eachmonolayer nonlocalmetasurface
is designed to maintain the hyperbolic state through the inductive
ðIm½Zx �<0Þ and capacitive ðIm½Zy�>0Þ impedance along the x- and y-

axis directions, respectively. A relatively broad bandwidth, ranging
from 2400 to 2750Hz, ensures robust hyperbolic properties (see
Supplementary Fig. S1a). For the bilayer moiré system without sym-
metry breaking, the twisting operation can produce two distinct
modes: hyperbolic and elliptical, under the modulation of the inter-
layer coupling. In particular, a unique flat band emerges as a new
hybridized state at the magic angle, facilitating low-loss propagation
with canalization mode (Fig. 1c). At non-magic twist angles, the hybrid
states exhibiting either hyperbolic or elliptical hinder the possibility of
forming canalization. However, this topological transition from
hyperbolic to elliptical mode is determined by the anticrossing point
(NACP)

36–39. Due to the magic angle ðθ � 23°Þ within 0° � 90°, the flat
band appears only once, resulting in its fixed orientation. It is noted
that three additional magic angles are also obtained due to the mirror
symmetry.

In contrast, the direction of canalization can be flexibly controlled
in the bilayer moiré system with low symmetry similar to triclinic
crystals40,41. Specifically,when the in-plane symmetry is broken (middle
of Fig. 1b), it is found that the canalization can sweepover all directions
in the plane (Fig. 1d). This is mainly attributed to that the introduced β
tunes the orientation of hyperbolic dispersion and further affects the
hybridizedmodes. In bilayer, anisotropicmoiré systems twisted to the
magic angle, the hyperbolic dispersion curves of the upper and lower
layers hybridize due to interlayer coupling, forming flat bands that
enable canalization36. However, since the shapes of the hyperbolic
dispersion curves are fixed, the curves of the upper and lower layers
can only hybridize to form canalization at a relatively specific angle
(the magic angle). The introduction of the skew angle disrupts the in-
plane symmetry, geometrically twisting the hyperbolic dispersion of
each layer (as shown in Supplementary Fig. S1). This change, through
the hybridization of interlayer coupling, further modifies the overall
dispersion of the bilayer system. Thus, this allows the hybridized flat
bands to adjust the canalization direction without changing the magic
angle. Furthermore, similar to ghost mode42,43, when the out-of-plane
symmetry is broken (right side of Fig. 1b), the introduced γdisrupts the
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Fig. 1 | Symmetry-broken bilayer moiré system with multiple unidirectional
canalization. a Schematic of the symmetry-broken bilayer moiré system with
unidirectional sound propagation. The inset shows an enlarged diagram of the
supercell. b Evolution process regarding the in-plane and out-of-plane symmetry

breaking. c–e Patterns of canalization at the magic-angle-induced flat band for the
bilayer moiré system with varying levels of symmetry breaking: none, in-plane, or
both in-plane and out-of-plane.
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central symmetry of the original dispersion curve. Strong unidirec-
tional propagation is observed in the x-y plane. In addition, unidirec-
tional canalization in all directions can also be achieved by combining
with β adjustments (Fig. 1e). This suggests that it is feasible to imple-
ment multiple unidirectional flat bands in the bilayer moiré system.
Detailed geometrical parameters of unit cells are presented in
Supplementary S2.

Theoretical model on multiple unidirectional flat bands
To elucidate the formation mechanism of multiple flat bands, we
establish a theoretical model for solving the hybridized dispersion
curves in the symmetry-broken moiré system. Based on the Bloch-
Floquet theorem and Transfer Matrix method44, the dispersion rela-
tionship of monolayer metasurface can be initially solved (see Sup-
plementary S3). The introduced θ, β and γ for each monolayer will
modulate the in-plane wavevectors as follows:

kx1

ky0

 !
=

cosðθÞ � sinðθÞ
sinðθÞ cosðθÞ

� �
kx

ky

 !
ð1Þ

ky1 =ky0 cosðβÞ+kx1 sinðβÞ ð2Þ

kz1 =kz cosðγÞ+ky0 sinðγÞ ð3Þ
where k2

z =k
2
0 � k2

x � k2
y with kx, ky and kz being the original wave-

vector components in the x-, y- and z-directions, respectively; kx1, ky1

and kz1 are the corresponding modulated wavevector components
after introducing θ, β, and γ. By solving Eqs. (1)–(3), the final dispersion
relationship ofkx1,ky1 andkz1 canbeobtained.Note thatθ,β, and γ are
oriented to be positive in the counterclockwise direction. In addition,
it can be clearly observed that ky1 and kz1 are tilted about the kz-axis
and the kx1-axis, respectively. Therefore, the broken symmetry

effectively eliminates the sole dependence on θ and creates a more
intricate interlayer coupling mechanism. Furthermore, based on the
transfer matrix, the coupled dispersion relationship for the symmetry-
broken bilayer moiré system can be established. At the same time, it
can be extended to the multilayered system39 (see Supplementary S3).

To contrast the difference with and without symmetry breaking,
Fig. 2a–d initially presents the theoretically predicted hybridized dis-
persion curves for the bilayermoiré systemwithout systembreaking at
different twist angles. It can be observed that the dispersion curve
remains hyperbolic at θ = 0° (Fig. 2a) and gradually becomes flatness
with θ approaching 23° (Fig. 2b). For twist angles above 23°, the dis-
persion gap gradually close and the propagation shifts from open
canalization to the closed state (Fig. 2c, d). Conventional topological
transition from hyperbolic to elliptic is observed in the theoretical
results. However, limited by the NACP and the fixed opening angle α of
themonolayer hyperbolic curve36, theflat band is only generated in the
transition phase of the twomodes at f =2650Hzwith θ � 23° (Fig. 2b).
The group velocity (Vg) appears in opposite directions, and the sin-
gularity of themagic angle canonly generate a single acousticflat band
in a fixed direction at this frequency. This severely limits the applica-
tion potential of the system.

When the in-plane symmetry is disrupted, the introduced β
overcomes the limitation, as depicted in Fig. 2e, f. Bymaintaining Δθ
unchanged while tuning β to 45° or �45°, the two groups of flat
bands rotate in the plane, and the Vg is significantly deflected
compared to Fig. 2b. This occurs because, at a constant twist angle,
β controls the deflection of the flat band by simultaneously dis-
torting the dispersion curves of both monolayers, thus producing
canalization with diverse orientations ðφÞ. Furthermore, the out-of-
plane symmetry breaking reveals that half of the in-plane flat band
vanishes, while the other half exhibits highly concentrated group
velocity in the same θ (Fig. 2g, h). This leads to the realization of
unidirectional low-loss propagation. Similar to bulk anisotropic
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crystals42, the introduction of γ alters the hybridization mode to a
“ghost mode” between surface and volume modes. Some energy
propagates out of the surface, decaying and disappearing, while
others continue to propagate along the surface. This pattern par-
tially pushes the flat band out of the surface and partly keeps it
within. This clearly elucidates the construction of multiple uni-
directional flat bands with in-plane canalization in any desired
direction.

Verification on unidirectional and tunable canalization
To validate the effectiveness of theoretical models, numerical
simulations are conducted for the symmetry-broken bilayer moiré
system. Figure 3a, c, e illustrates the schematics of the three kinds of
symmetry breaking: none, in-plane, or both in-plane and out-of-
plane, respectively. The red dashed boxes in Fig. 3a, c, e illustrate
the transition of the three metasurface systems from a square pat-
tern to a monoclinic pattern, and finally to a triclinic pattern. The
simulated sound fields on the x-y plane at f =2650 Hz and the cor-
responding Fourier spectra are presented in Fig. 3b, d, f, respec-
tively. It can be seen that sound waves are directed predominantly
in one direction at θ=30°, near the magic angle of 23°. The corre-
sponding Fourier spectrum remains relatively flat. As the twist angle
increases, sound waves start to diffuse. The dispersion curve almost
closes at θ=60°, and completely closes at 75° and 90°, resulting in
the sound energy spreading in all directions. Therefore, it is

challenging to achieve canalization propagation with arbitrary
canalization in the absence of symmetry breaking.

However, when we introduce β1 and β2 to break the in-plane
symmetry, the canalization propagation direction is deflected to dif-
ferent angles, as depicted in Fig. 3d. The dispersion curves are also
extremely flat and agree well with the theoretical predictions. Instead
of using an intelligent multilayer system16, we achieve tunable canali-
zation in bilayers. It is noted that omnidirectional tunable canalization
can also be achieved due to the 90° symmetry of each monolayer
metasurface. Furthermore, by adjusting γ1 and γ2 (Fig. 3f), some
canalization propagates out-of-plane, enabling the unidirectional
canalization. Through simultaneous control of β and γ, unidirectional
propagation with tunable canalization is further achieved, showing
good consistency with theoretical results.

In addition, we explore the scenario where only one β1 is con-
trolledwithout changing γ. Remarkably, the initially diffuse sound field
in the moiré system without symmetry breaking is restored to a state
of highly concentrated propagation at non-magic twist angles (see
Supplementary S4). With a sensible combination of twist and skew
angles, all magic angles can theoretically be implemented at will. It is
noted that the thermal viscosity loss effects are also considered by
adding viscous boundary layers to the numerical simulation38,45,46. The
negligible influence further highlights the potential for manipulating
acoustic waves using symmetry-broken bilayer moiré acoustic
metasurfaces.
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boundary.
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Experimental demonstrations of unidirectional and tunable
canalization
To experimentally validate our concept, three types of bilayer moiré
metasurfaces are fabricatedusing 3Dprinting (Fig. 1a). The samples are
wrapped in acoustic foam to prevent reflections during experiments.
Sound waves are emitted from a speaker placed beneath the bilayer
moiré system, while two microphones are used to record sound
pressures. One is positioned ~30 cm below the sound source, and the
other is placed 5mm above the metasurface. By adjusting β and γ, the
in-plane and out-of-plane symmetries can be broken for the fabricated
moiré systems, as depicted in Fig. 4a, c. Note that themetasurfaces are
only composed of a single-phased solid material, where the micro-
structural design of each monolayer ensures the anisotropic disper-
sion relationship. Then the transmitted pressure fields are normalized
by the incident soundpressure. The Fourier spectra are further derived
from the collected pressure data.

We initially conducted the experimental measurements for the
bilayer moiré system without symmetry breaking. Low-loss sound
propagation and the flat band in the Fourier spectrum are observed at
the theoretical magic angle θ � 23°. Topological transition from
hyperbolic to elliptic mode is also achieved by changing θ (see Sup-
plementary Fig. S5). Furthermore, the experimental results for the
bilayermoiré systemwith in-plane symmetrybreaking arepresented in
Fig. 4b. It can be clearly observed that the direction of highly con-
centrated canalization after hybridization is precisely controlled
through the introduced β1 and β2. In particular, the propagation shifts
significantly left for β1 =β2 = 45° and shifts right for β1 =β2 = � 45°
compared to β1 =β2 =0°. We also fit the Fourier spectra of the three
propagation directions to the dispersion curve, showing a perfect
match. This alignment with the deflection of the flat band as β changes
further validates the effectiveness of the theoretical model.

Figure 4d presents the measured results for the bilayer moiré
system with both in-plane and out-of-plane symmetry breaking. When
the twist angle is maintained unchanged and introduced γ1 = γ2 = 11°,
the unidirectional propagation of the sound is successfully achieved.

Furthermore, in combination with the directional control of β1 and β2,
the directional tuning of unidirectional canalization is realized. The
obtained Fourier spectra also agree well with the theoretical predic-
tions. In addition, the pressure amplitudes at both ends of each uni-
directional propagation path are measured to calculate the
transmission ratio. An averageunidirectionality ratio of 4.2 is obtained,
demonstrating excellent unidirectional propagation properties (see
Supplementary S6). It is noted that the symmetry-broken moiré sys-
tems can be extended to manipulate various types of sound propa-
gation. In addition, the opening angle canbe reducedby increasing the
number of stacked layers23,39. This is beneficial for broadening the
operating bandwidth of unidirectional canalization, thus offering a
versatile platform for extreme manipulation of energy flow.

Discussion
In summary, we theoretically and experimentally demonstrate the
concept of a symmetry-brokenmoiré system to directly overcome the
limitations of fixed flat bands in bilayer configurations. For multiple
canalization, we break the in-plane symmetry to influence NACP , and
further break the out-of-plane symmetry to achieve unidirectional
canalization. Thus, the expected unidirectional low-loss propagation
with tunable canalization can be achieved without increasing the
number of layers. Compared to increasing the number of layers, this
method enables more precise tuning of canalization, which is crucial
for applications in acoustic or optical devices that require high-
precision control. Additionally, such unidirectional systems have
c~ritical applications in acoustic isolation, noise control, ultrasound
imaging, and non-destructive testing, while unidirectional optical
systems show immense potential in optical isolation, high-density data
storage, and sensing and detection. Our theoretical model accurately
predicts unidirectional flat bands and explains experimental observa-
tions. All magic angles can be implemented at will by using a sensible
combination of twist and skew angles. It should be noted that thiswork
relies on anisotropy-guided hyperbolic dispersion as the fundamental
principle to achieve its objectives23,37,38,42,44. However, using periodic
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structural modulation and tuning the interlayer coupling distance to
achieve in-plane wave confinement is also an effective method32,47.
Combining the two could lead to interesting results. Additionally, it is
worth mentioning that significant progress has been made in asym-
metric radiation, unidirectional radiation, and resonance by breaking
symmetry48,49. Their unidirectional resonance mainly focuses on the
far-field radiation characteristics, where the propagation direction and
polarization state of light in the far field can be controlled solely by
twisting the bilayermetamaterials. In contrast, our research focuses on
achieving unidirectional canalized propagation of sound waves within
the plane. Not only did we break symmetry, but we also achieved
efficient unidirectional canalized propagation in all directions within
the plane. This design demonstrates unique advantages in acoustic
devices, wave manipulation, and practical applications, significantly
expanding the practicality and flexibility of bilayer systems. In the field
of light waves or elastic waves, we recommend using columnar
nanostructures. By tilting and skewing each columnar structure, itmay
be possible to tune wave propagation to achieve similar phenomena.
The presentedwork opens new avenues for twistedmoiré systems and
offers insights for future research in unidirectional flat bands in
other fields.

Methods
Numerical simulations
The pressure acoustics module of the COMSOL Multiphysics module
was used to perform the numerical simulations. Specifically, the fre-
quency domain and eigenfrequency modules were used. Both sides of
the unit cell were configured with Bloch boundary conditions, while
the top and bottom surfaces were set as perfectly matched layers
(PMLs). The band structure of the crystal cell was then numerically
calculated by the eigenfrequency module using a frequency sweep, as
shown in Supplementary Figs. S1 and S2. Six PMLs were positioned
around the bilayer moiré system to reduce reflections. The point
sound source was set above the center of the upper layer. Using the
frequency domain module, the pressure field was recorded 5mm
below themetasurface bilayer (see Fig. 3). According to the theoretical
dispersion model, the prediction results of the three systems are
plotted using MATLAB (Fig. 2).

Sample preparations and measurements
The bilayer moiré system was fabricated using 3D printing, with each
metasurface comprising 18 × 18 unit cells. A speaker (13A05-8Ω), with a
radius of ~6.0mm,was positioned at the center of the bilayer system. It
is considered a point sourceandexcites omnidirectionally. An acoustic
microphone was mounted above the system on a thin mechanical rod
driven by amotor to capture the transmitted sound pressure, allowing
data collection at various step densities. Grid pointswere collected at a
step size of 8mm to obtain the plane data. Another reference acoustic
microphone was placed ~30 cm below the point sound source to
record the incident sound pressure. To unify the sound pressure
information measured at different times of the whole sound field, the
reference microphone measures the input signal of the speaker at the
same time. Acoustic foam was used around and under the system to
minimize reflections. The equipment used in our experiment includes
a computer, chassis (NI PXIe-1082), power amplifier (E2021), signal
generator (DG1022U), motor (9030), two microphones (AWA 14604),
a custom-built three-axis motion platform, and a microphone support
rod (see Supplementary S7). The corresponding results are depicted in
Fig. 4b, d.

Data availability
All relevant data are available in the main text and Supporting Infor-
mation, and can be obtained from the authors upon request. Source
data are provided with this paper.
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