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We design an acoustic switch based on a spiral kirigami metasurface using numerical simulations and
evaluate its performance experimentally. By etching an Archimedean spiral on a thin aluminum sheet, a
band gap in out-of-plane vibration modes can be generated. The band gap is significantly suppressed by
axially stretching the kirigami spiral structure, extending sound propagation to a broader frequency range.
The kirigami metasurface is easily deformed and manipulated and can switch the energy transmission on
and off in the desired operating-frequency range, providing an alternative design strategy for acoustic

metasurfaces.
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I. INTRODUCTION

Metamaterials have been studied extensively over the
past few decades for their unique properties, but research
on acoustic metamaterials and metasurfaces is currently
in the exploration stage. Compared with microwaves and
electromagnetic waves, acoustic wavelengths are longer,
and most acoustic metamaterials consist of centimeter- or
millimeter-scale building-block structures [1—3]. Acoustic
metamaterials and metasurfaces are composed of period-
ically arranged artificial composite structures [4,5]. Tra-
ditional acoustic metasurfaces can be categorized based
on the structures employed, such as space coiling [6],
Helmbholtz resonators [7-9], and membranes [10—12].
However, most proposed metasurfaces operate within a
narrow frequency band, and their response cannot be tuned
after fabrication.

Functional devices, such as acoustic collimators
[13—15] and acoustic diodes [16—18], are proposed to
exploit the tunable properties of acoustic metamaterials
or metasurfaces. Several other metasurface-based strate-
gies are applied to switch the band gaps on and off [19]
by using asymmetric transmission [20,21,53]. Moreover,
due to the large amount of surface defects present, the
adjustability of the multilayer metasurface is limited by the
interlayer separation. This can lead to an extremely small
tunable range, which is greatly affected by the resonant
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frequencies. A recently proposed acoustic switch uses
the deformation of an axially adjustable spring to turn
sound propagation on and off over specific frequency
ranges [22]. However, the original structure was additively
manufactured, and each unit cell was a one-dimensional
isotropic helical spiral. Therefore, band regulation from the
variation in the duty ratio is limited to two dimensional
(2D). Furthermore, most tunable diodes composed of other
forms are one-dimensional structures based on the transfer-
matrix method, with relatively low tunable sensitivity and
size limitations [23—25].

Controlling plate-internal-wave propagation and vibra-
tion at low frequencies is challenging. Generally, the for-
mation or suppression of the corresponding bending-wave
band gap is investigated using a truss-structure metama-
terial [26], also known as a spring-oscillator resonant
metamaterial [27—34]. Several interesting structures were
also introduced to realize energy harvesting from bend-
ing waves and vibration-characteristic detection of bare
plates [35-39], but their tunability was relatively poor.
Consequently, incorporating simple structures with con-
tinuous deformation, such as one-dimensional origami or
adjustable beams, would enable the opening and closing
of the band gap of bending waves [40,41]. However, it is
difficult to achieve continuous wideband adjustment and
avoid the influence of the hybrid mode. In addition, pre-
stress is added in the band-gap mode of the control board,
which is adjusted by the principle of inertia amplification.
It provides the possibility of real-time harmonic modula-
tion propagation. However, the strength of the structure
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is relatively high [42]. Here, we investigate the band-
gap control of bending waves in a paper-cut structure
after acoustic mode conversion using the band structure to
overcome these shortcomings.

Kirigami and origami are promising techniques for
building three-dimensional (3D) acoustic metasurfaces.
They also have potential applications in the field of meta-
materials for construction machinery. Various deformation
types include a folding metamaterial, a cutting metamate-
rial, and a mixed-deformation metamaterial (i.e., cutting
and folding at the same time). The mechanism of defor-
mation can be explained using mechanics [43]. Combined
with scientific and artistic concepts, kirigami enables 3D
structures to be formed by stretching 2D-etched patterns.
Consequently, kirigami is actively being investigated for
the fabrication of functional devices for information stor-
age [44,45], nanophotonics [46—48], microelectromechan-
ical systems [49,50], and elastic wave control [44,51,52,
54]. Compared to traditional acoustic metamaterials and
metasurfaces, kirigami and origami enable easy and direct
shape deformation from 2D substrates to 3D architec-
tures and have remarkable properties, such as adjustable
chirality [55]. Therefore, based on their unique transforma-
tion functions, kirigami and origami can be used to form
3D acoustic structures that can be arbitrarily rotated and
twisted. Herein, we explore the ability of a single-plate
substrate transformed into a 3D kirigami metasurface to
switch sound propagation on and off-

II. RESULTS AND DISCUSSION

The kirigami metasurface is manufactured by etching
four Archimedean spirals on a homogeneous and struc-
turally tunable aluminum sheet [Fig. 1(a)]. As axial stress
is applied to the surface center of the kirigami metasur-
face, it transforms from a 2D into a 3D structure, changing
the acoustic dispersion curve of the metasurface. When the
kirigami metasurface is in a flat conformation, it opens a

(a)'/!
|

Archimedean Spiral Only

Spiral

Plate

(b) ()

Off Mode

Stretch
—_—

band gap in the out-of-plane (OP) vibration modes and
prevents wave propagation. In this condition, the acoustic
switch state is in the off mode [Fig. 1(b)]. By stretching the
kirigami metasurface and deforming it such that the spirals
protrude outward, forming a 3D structure, the band gap
is inhibited and the wave can propagate in the frequency
range of interest [Fig. 1(c)]. In this condition, the switch is
in the on mode. The proposed kirigami metasurface uses
topological deformation to manipulate the propagation of
waves in the desired operating-frequency range.

Considering that the topological deformation of the
kirigami metasurface requires high ductility, we choose an
aluminum sheet (density p =2700 kg/m?, Young’s mod-
ulus £ =6.85 x 10'° N/m?, Poisson ratio § = 0.34) as the
substrate material. For all configurations, the lattice con-
stant is 4 =30 mm and the thickness is #=0.5 mm. The
flat kirigami metasurface is constructed by cutting four
concentric Archimedean spirals from a homogeneous alu-
minum sheet with a spiral width of w = 0.6 mm [Fig. 1(a)].
The polar representation of the Archimedean spiral is R =
Ro + b0, where Ry=1 mm is the inside radius of the spi-
ral, 6 is the polar angle, and b = 8.6/2r mmrad~! controls
the distance between the adjacent spiral curves. The defor-
mation model is derived from finite-element analysis, in
which the edges of the unit cell are fixed and the surface
center of the unit cell is given an axial displacement of
3 mm [Fig. 1(a)].

To examine the wave-control properties of the proposed
kirigami metasurface, the band-structure characteristics
are analyzed theoretically. The governing equation for
elastic waves propagating in a linear elastic medium is

V- [C(r) ~Vu(r)] + p(r)o?u(r) =0, (1)

where r is the position vector; C is the elasticity tensor;
u is the displacement vector; and p and w are the mass
density and angular frequency, respectively. For periodic

FIG. 1. (a) Preparation
and topological deformation
of kirigami metasurfaces:
b four concentric Archimedean
4 i spirals are etched on a homo-
ps geneous  aluminum  sheet
to form the unit cell of the
kirigami metasurface. Stable
3D kirigami structure is
formed under axial stress. (b)
Acoustic switch in off mode
inhibits wave propagation. (c)
Acoustic switch in on mode
allows wave propagation.

Deformed Spiral

054040-2



ACOUSTIC SWITCH VIA KIRIGAML. ..

PHYS. REV. APPLIED 18, 054040 (2022)

materials, Bloch’s theory can be applied as follows:

u(r) = a(r,k)e'®”, )
where u is the Bloch displacement vector, and k is the
wave vector. Equation (1) forms the Bloch eigenvalue
problem, which can be solved using the finite-element
method. The discrete form of the eigenvalue problem is
written as

[K — 0*M]|U = 0, (3)
where K and M are the stiffness and mass matrices, respec-
tively. U represents the eigenvector corresponding to the

angular frequency w. The band structures can be calcu-
lated by varying k along the I'-X-M-I" boundary of the
first irreducible Brillouin zone. In this study, COMSOL
Multiphysics software (Stockholm, Sweden) is used for
numerical simulations.

The band structures of the three types of unit cell are
shown in Fig. 2. The introduction of the spiral pattern
disrupts the vibration mode of the homogeneous material
and opens an OP band gap of 910-1125 Hz [Figs. 2(a)
and 2(b)]. As the center of the spiral pattern is axially
stretched up to a deformation of 3 mm, the lower limit of
the band gap increases until it is equal to the upper fre-
quency limit, resulting in the disappearance of the band
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FIG. 2. Band structure of three different unit cells: (a) homogeneous aluminum sheet, (b) kirigami metasurface in the flat state,
(c) kirigami metasurface with an axial deformation of 3 mm. Numerical analyses consider wave vectors along the path I'-X-M-T.
Band gap of OP vibration modes is shaded in orange, when the kirigami structure (d) is not deformed and (e) is stretched by 3 mm;
proportions of in-plane and out-of-plane modes corresponding to the band structure are also shown (the yellower the color, the higher
the proportion of out-of-plane mode; the bluer the color, the higher the proportion of in-plane mode).
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gap [Fig. 2(c)]. To further reveal the band-structure con-
trol mechanism, we compare the vibrational modes of the
flat and deformed kirigami metasurfaces. The OP vibration
modes at points 41, B1, A2, and B2 [see Figs. 2(b) and 2(c)
for points] are shown in Fig. 3. Modes 41, A2, B1, and B2
represent the characteristics at the lower and upper edges
of the band structure, respectively.

In addition, there is a Shear wave mode in the kirigami
structure, but the influence of an in-plane shear mode is
not dominant. As shown in Figs. 2(d) and 2(e), the more
yellow the color, the more out-of-plane modes the whole
mode consists of. The bluer the band color, the more in-
plane displacements the pattern contains. However, the
frequency band studied in this paper is in the range of
0—2000 Hz (blue shaded area), and the out-of-plane mode
is mainly shown in the figure. In summary, the influence of
in-plane modes is not considered in this paper.

To study the band-control mechanism of the kirigami
structure, frequency points A1 and A2 correspond to
the downstream frequencies of the kirigami deformation,
while B1 and B2 correspond to the upstream frequencies
(Fig. 2). The modes of vibration at frequencies corre-
sponding to the sweep direction of points B1 and B2 are
consistent before and after deformation (Figs. 2 and 3).
In the in-plate mode, the wave propagation is stable. The
uplink frequency of the total band gap remains unchanged.
The frequency points corresponding to the energy band
points of A1 and A2 show that the downlink frequency
increases with kirigami stretching by 3 mm, causing the
band gap to disappear and reach the open state. According
to the mode diagram in Fig. 3(a), the difference between the
downlink frequency (41, 42) and uplink frequency (B1,
B2) is that the vibration of the downlink frequency (41,
A2) is concentrated in the kirigami structure. We exam-
ine the stress distribution of the kirigami structure in detail

(a)

Mode A1

FIG. 3.

[Fig. 3(b)]. Without deformation, stress is concentrated at
the endpoints of the spiral etching. The kirigami struc-
ture can be considered part of a spring oscillator, and
deformation destroys Lamb-wave transmission. When the
elastic coefficient increases, the vibration resonance of the
kirigami structure prevents energy transmission, creating a
band gap. Point A2 corresponds to the downlink frequency
at an axial deformation of 3 mm. When the wave is trans-
mitted from the kirigami structure, the stress distribution
is confined to the edges of the kirigami structure [Fig. 3(b)
mode A2]. The kirigami deformation forms a three-legged
tower structure. Compared with the change for an ordi-
nary spring, the elastic coefficient of the kirigami structure
decreases, and its structural stability is better than that
without deformation after excitation. Therefore, the fre-
quency value at the end of the X -M direction will increase
[Figs. 2(b) and 2(c)], so that the band gap disappears,
and the kirigami structure is in the on state. These results
indicate that the deformation of the kirigami structure can
effectively regulate the transmission of in-plate waves.
The spiral pattern renders kirigami drawing characteris-
tics to the model, enabling the band gap to be adjusted from
closed to open by modifying the degree of 3D deforma-
tion of the kirigami structure. The band-gap characteristics
can be extracted to facilitate the study of the rule. We can
see in Fig. 2 that the spiral curves introduce a wide band
gap compared to the plate. As can be seen in Fig. 4(a),
the change of band gaps 1-4 shows that the control-band
structure (band-gap width) of the kirigami deformation
decreases as the deformation degree increases. We extract
the band gap of the uplink and downlink frequency for
further quantitative analyses. Figure 4(b) shows that, as
the deformation height increases, the uplink frequency
(1125 Hz) remains constant, while the downlink frequency
increases exponentially from 910 Hz until the deformation
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Comparison of mode shapes around the band gap: (a) displacement-mode shapes (at points A1, 42, B1 and B2) and (b) mode

stress-mode shapes (at points A1 and A2) [selection of points is shown in FIG. 2(b) and 2(c)].

054040-4



ACOUSTIC SWITCH VIA KIRIGAML. ..

PHYS. REV. APPLIED 18, 054040 (2022)

height exceeds more than 2.8 mm, at which point the
uplink and downlink frequencies overlap and the band gap
disappears. Foehr et al. conducted a study in the subwave-
length frequency range (below the Bragg-scattering limit)
[54]. Similarly, even if the kirigami structure in this paper
is deformed to the maximum, its ratio to the minimum
wavelength is less than one thousandth, so it still meets
the definition of subwavelength. Figure 4(c) shows the
relationship between the normalized band-gap width and
the deformation height, with y = —78.18 exp(0.4907x) +
79.18, after curve fitting. Therefore, the band-gap width
varies continuously and exponentially with the deforma-
tion size.

To experimentally verify the wave-energy control func-
tion of the acoustic switch, we fabricate an acoustic switch
consisting of a quasiperiodic array of 7 x 7 unit cells
(Fig. 5). The dimensions of the fabricated structure are
270 x 270 x 0.5 mm?. Butyl glue is used to section the
edges of the fabricated structure to weaken the influence
of the rigid boundary. The experimental setup is illustrated
in Fig. 5(a). The excitation signal produced by a personal

computer (PC) is fed to a loudspeaker through a signal
amplifier, and the excitation point is at point E. A laser
Doppler vibrometer (Polytec OFV-505 with an OFV-5000
decoder) is used to detect the traveling-wave velocity at
measurement-point M. Velocity data are collected using
the PC through a data acquisition card.

To facilitate measurement and clamping, we set aside
a 30-mm nonkirigami-etched range around the model and
put blue butyl glue around it. Therefore, the influence of
the rigid boundary is weakened during the experimen-
tal measurement to guarantee the accuracy of the results.
However, owing to the experimental environment, errors
are inevitable.

A frequency of 600 to 1450 Hz with a step size of 3 Hz
is examined, and the measurement results are processed to
obtain the dispersion curve [Fig. 5(e)]. The transmission
ratio is defined as follows:
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(a) Influence of different deformation degrees on band regulation. (b) Upstream and downstream frequencies corresponding

to different deformation degrees. (c) Fitting diagram of deformation and band width.
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FIG. 5. (a) Experimental setup schematic diagram. (b) Acoustic switch composed of an array of 7 x 7 flat unit cells. (c) Acoustic
switch composed of an array of 7 x 7 deformed unit cells. Experimental and numerical characterization of wave propagation through
the acoustic switch. (d) Off -mode band structure of the acoustic switch. (e) Measured frequency response. Black line for homogeneous
aluminum sheet as a reference, and red and blue lines for off and on modes of the acoustic switch, respectively. (f) Orn-mode band

structure of the acoustic switch.

where a; is the received signal and a; is the output sig-
nal. The gray part in Fig. 5(e) represents the band gap,
which corresponds to the red band gap in Fig. 5(d). By
comparing the results, we find that the band gap of the
unstretched kirigami structure [corresponding to the red

line in Fig. 5(e)] matches the theoretical range of 910 to
1125 Hz with a slight deviation. The deviation is mainly
affected by the processing error of the kirigami structure
and the boundary conditions of the opposite internal-wave
propagation. A theoretical analysis of the out-of-plane
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waveband structure can explain this phenomenon. There
are also in-plane wave results in the band diagram [blue
dots in Figs. 5(d) and 5(f)], but it is beyond the analysis-
frequency band, so it has little influence on the results.
Moreover, according to the long-wave approximation,
elastic waves and acoustic waves are inevitably unified.
According to our theoretical derivation, if stretching is not
applied [Fig. 5(d)], negative parameters appear in both £,
and k,, resulting in a full band gap of 910-1125 Hz, cor-
responding to the off mode. When stretching is applied
along the axis, the kirigami structure switches to the on
mode, as shown in Fig. 5(f). The structure is not stretched
(red line) compared with other experimental results, and it
is found that, in the same frequency band (910-1125 Hz),
its transmittance is 1-2 orders of magnitude lower than
that of other frequency bands, reaching 10~> at the low-
est. Therefore, in this case, the band gap can be estimated
theoretically, which verifies the off effect. Corresponding
to the control experimental results [Fig. 5(e)], the black
line represents the result for the flat plate and the blue
line shows the on state due to deformation. The black and
blue lines have slight differences. This indicates that the
kirigami structure controls the in-plate propagation mode.
As discussed above, the kirigami structure eliminates the
influence of the band gap.

III. CONCLUSION

A 3D acoustic switch based on a kirigami metasurface
is proposed, and its acoustic characteristics are exam-
ined through numerical simulations and experiments. The
results show that an external force on the kirigami structure
produces a linear deformation, affecting wave transmission
at the subwavelength scale. Deformation enables switching
between the 2D and 3D modes, as well as band-gap tun-
ability over a wide band range. Our study and its results
can be adapted to a wide range of applications, such
as information encoding, encrypted communication, and
miniaturized tunable devices.
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