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Zero-Frequency Bandgap Metamaterials: The Mosaic

Design Strategy

Nan Gao, Vicente Romero-Garcia, Jean-Philippe Groby, and Ping Sheng*

Bandgaps constitute the central feature of photonic and phononic crystals.
However, the zero-frequency bandgap, defined here as the absence of wave
states from 0+ to a finite frequency, is generally regarded as not realizable for
the Bragg mechanism since the lattice constants need to be very large to
infinite. Moreover, a structure or material that displays a zero-frequency
bandgap would present a challenge to the theory of homogenization, which is
predicated on the existence of low-frequency, long-wavelength excitations, for
which the effective material parameters apply. In this work, the finite-sized
tiles are utilized, linked together at their corners, to create a mosaic plate
system that can display static rigidity with translational degrees of freedom.
Full waveform simulation results on the mosaic plate show a clear
zero-frequency bandgap, which are verified experimentally by laser vibrometer
scanning of modes excited by a harmonic point source, as well as by
comparison of sound transmission loss (TL) between the mosaic plate and a
uniform plate with similar mass density. The latter comparison shows the
mosaic plate to have a 13 dB advantage in TL at 50 Hz, and deviates from the

mass density law over a broad low-frequency range.

1. Introduction

In thin infinite plates, low-order antisymmetric bending modes
dominate elastic wave propagation and are critical for acoustic
device design.['l Bending waves are characterized by out-of-plane
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displacement, and they are particularly im-
portant for the design of acoustic and elas-
tic wave devices in plate configurations.
However, suppressing low-frequency bend-
ing waves, especially starting from zero fre-
quency, can pose a significant challenge.
Phononic crystals (PnCs) with the bandgap
effect have provided an approach for at-
tenuating elastic bending waves.[>1* Con-
ventional approaches (e.g., applying zero
displacement constraints to PnCs,] ei-
ther directly or indirectly,''®! or Bragg-
scattering-based PnCs) often impose im-
practical translational rigidity or require
bulky periodic structures. Since zero dis-
placement constraints imply the loss of
translational degrees of freedom, such
systems would be difficult to transport.

Alternative  strategies  like  quasi-
zero-stiffness designs,!19-22] iner-
tial amplification, 232 geometric
nonlinearity,?%¥] and the combination of
the above mechanisms(?®! can address low-
frequency bandgaps without relying solely
on Bragg mechanisms. Recent research on curved and hier-
archical metamaterials has explored alternative mechanisms
for wave manipulation. Curved configurations/?>-?] leverage
geometric curvature to steer wave propagation, reduce effec-
tive stiffness, and induce mode localization, thereby achieving
subwavelength attenuation and low-frequency vibration control.
Hierarchical architectures,>**! on the other hand, broaden
bandgaps through coupled multiscale resonances. However,
both approaches face inherent limitations: neither supports
zero-frequency bandgaps, and their low-frequency performance
remains within a narrow frequency range. Curved metamateri-
als are sensitive to geometric imperfections, while hierarchical
designs suffer from inter-scale energy leakage that weakens
bandgap effectiveness. Moreover, quasi-zero-stiffness systems
utilize nonlinear geometric effects to create high-static-low-
dynamic stiffness regions, enabling low-frequency vibration iso-
lation. However, the narrow operational bandwidth (in the range
of several to a few tens of Hz) limits their practical utility. Inertial
amplification achieves low-frequency bandgaps by enhancing lo-
cal inertia through weak mechanical linkages, but it often leads
to narrow bandwidths, increased structural complexity, and
reduced robustness. These trade-offs between bandwidth, com-
plexity, and scalability reflect the broader challenge of balancing
lightweight design with broadband performance across various
acoustic and mechanical applications. These challenges are
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Figure 1. Mosaic design strategy: a) A thin plate is divided into countless small finite-sized tile pieces (TPs), leaving 0.1 mm gaps between them. b) The
first 10 eigenfrequencies for a TP with free boundaries (h; = 3 mm, L = 30 mm), where the first 6 are rigid body motions. The discrete eigenmodes
starting with the 7t are the locally resonant modes with free boundary conditions. c) For a TP with a thickness of 3 mm and four corners clamped, its
first-order bending mode frequency is plotted as a function of the in-plane size (L) of the TP. The frequency for the size used in the present experiments
(L = 30mm), 6.8 kHz, is marked by a red star. d) lllustration of the corner joiner piece (JP) with screws. A JP comprises alternating hard and soft
layers set at the four corners of each TP. Every JP has two aluminum alloy pieces, each with side length | = 15 mm, thickness h, = 2 mm. Two silicone
rubber layers with side length | = 15 mm thickness and h; = 3 mm, are sandwiched symmetrically between the TP and the aluminum pieces. The whole
assembly is tightly connected by five stainless steel screws. The central screw, 4 mm in diameter, runs through each of the four TPs’ corners. The other
four screws are 3 mm in diameter. €) A photo of the JP and its components.

particularly acute in architectural acoustics, where real-world
building components demand simultaneous thin profiles
and broadband insulation against urban traffic noise—
requirements unmet by current quasi-static or narrowband
solutions.36:37]

To overcome the aforementioned challenges, we propose a
mosaic design strategy to achieve a broadband zero-frequency
bandgap in flexural modes of a structured plate. It is well known
that a finite-sized solid plate has a finite eigenfrequency above
zero, whose value depends on the applied boundary conditions
on the plate’s edges and its material properties. Since the term
zero frequency bandgap applies only to infinite samples, we must
therefore link the finite-sized pieces to form a large, if not infi-
nite, plate. These finite-sized pieces are denoted tile pieces (TPs),
and the final structure formed by connecting them is denoted
a mosaic plate (MPt). Can such a “restored” infinite MPt still
preserve the finite eigenfrequency character of the small con-
stituent TPs, displaying locally resonant modes, while being a
connected part of the whole structure? Clearly, most schemes
of linking the small TPs together would restore a homogenized
plate’s low-frequency bending wave behavior. To achieve the goal
of a viable zero-frequency bandgap plate, it is necessary to disable
the low-frequency bending wave excitations in the linked system.
Here we propose a scheme that uses multilayered corner joints,
to connect square-shaped aluminum TPs, to attain the desired
effect.
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2. Results and Discussions

2.1. Mosaic Design Strategy

Shown in Figure 1a is a homogeneous plate discretized into nu-
merous finite-sized TPs, with gaps left between adjacent pieces.
The eigenfrequencies of a TP with free boundaries, 3 mm in
thickness and 30 mm x 30 mm in lateral dimensions, are shown
in Figure 1b. The six degenerate zero-frequency eigenmodes cor-
respond to the rigid-body motions of the TP. Finite frequency
bending modes appear beyond these six degenerate zero modes;
the eigenfrequencies of these modes are determined by the mate-
rial parameter (bending stiffness) as well as the geometric dimen-
sion of the TP. As shown in Figure 1c, the lowest eigenfrequency
of the bending mode increases significantly as the side length de-
creases. To eliminate the influence of rigid body motion, the TP
is clamped at its four corners in this case.

Based on the above, obtaining a broadband zero-frequency
bandgap requires the following two conditions:

1) Separation and decoupling: the discrete plate units must re-
main separated to ensure flexural decoupling, which allows each
TP’s bending mode to be that of the entire structure’s minimum
bending mode frequency, thereby defining the upper limit of
the bandgap; and 2) Rigid joint: a certain degree of rigid con-
straints must be applied to the corners of TPs, intended to not
only suppress the bending wave propagation from one TP to its
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Figure 2. Structure of the mosaic plate and the zero-frequency bandgap by simulations: a) Schematic diagram of the MPt and the unit cell, delineated
by the red dashed line, used in the simulations with the Bloch-Floquet boundary condition. Upper left inset: A photo of the actual sample. Upper right

inset: The simulation unit cell with its dimensions delineated. Here the lattice constant a = \/E (L +s). b) Simulated dispersion relation of the MPt. The
flat dispersion, delineated by the red line, indicates localized soft layer modes at 2.8 kHz. These modes are marked by the bright spots in the inset to the
upper right. The localized mode at 6.8 kHz, delineated by the flat blue line, is that of a single TP with four corners clamped. The locally resonant mode
at 6.76 kHz at the X point, denoted X;p, is marked by a colored circle. The green dotted line is the bending mode dispersion relation of a homogeneous
aluminum plate with a thickness of 3 mm. Upper right inset: Displacement magnitude of the unit cell at 2.8 kHz, with the bright spots marking the
soft layer resonances. Upper left inset: The locally resonant mode at the X point. Similarity is noted to the isolated TP resonance with four corners fixed
(Figure Tc). Asymmetry between the two diagonals of the X;p mode is due to the symmetry of the mode at the X point. Lower left inset: The irreducible
Brillouin zone of a square lattice is used to plot the results of the simulations. The yellow-shaded region indicates the zero-frequency bandgap. Since

the localized soft layer resonance is not coupled to the incident sound, the sound insulation can be extended to 6.8 kHz.

neighbors, but also to provide structural support for the over-
all system. By fulfilling these two conditions, the design ensures
both structural stability and facilitates the creation of a broadband
zero-frequency bandgap.

In Figure 1d, we illustrate the rigid corner connection of the
TPs to form the MPt. Each TP, made of aluminum alloy with
Young’s modulus E = 69 GPa, density p = 2700 kg m~3, and
Poisson ratio v = 0.33, is linked at each corner to its neighbors
by a4 mm diameter stainless steel screw, with E = 219 GPa, p =
7903 kg m=, and v = 0.32. However, since the screw can tilt
slightly to result in second-order lateral displacements that can
destabilize the structure, we use an aluminum alloy joiner piece
(JP) to counter such effect. Each JP comprises two aluminum (Al)
plates, each 15 mm by 15 mm and 2 mm in thickness, with four
additional screws (each 3 mm in diameter), together with two
soft silicone rubber layers, each 15 mm by 15 mm and 3 mm in
thickness, that are sandwiched between the two Al plates and the
TP in the middle. The whole corner connection structure, sym-
metrical with respect to the central TP, is illustrated in Figure 1d,
with a photo of the actual composite JP unit shown in Figure le.
The functions of the soft layers are threefold. First, they provide
shear resistance to any collective second-order lateral displace-
ment of the screws. Second, they also shield the force/torque re-
sulting from the bending displacement of each TP from being
transmitted to its neighbors through the JPs. Third, the soft lay-
ers provide a damping effect on TPs’ normal displacements by
converting them to lateral displacements of the soft layers at the
open boundaries. This effect is particularly important in giving
the MPt an advantage over the mass density law in attenuating
sound transmission.
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It is to be noted that the quarter of the hole for the central
screws, on each corner of TP, is threaded (Figure 1e) so as to en-
sure that the central screw tightly connects the four neighboring
TPs. The combination of the silicone rubber layer and the pre-
tightening force of the bolts introduces damping to the system
but also improves the overall rigidity of the structure. This junc-
tion design effectively balances decoupling and static rigidity, en-
abling the mosaic plate system to attain both structural support
while maintaining the vibrational isolation of each TP.

Additionally, the whole structure offers excellent lightweight
and scalable manufacturability by using standard aluminum
components and readily available fasteners without the need for
specialized materials or metal 3D printing. Soft silicone layers
can be rapidly reproduced using reusable molds, enabling effi-
cient and low-cost mass production. (Refer to Section S1, Sup-
porting Information, for details of the sample production and as-
sembly)

2.2. Zero-Frequency Bandgap Effect

By applying the above joint design to the corners of each TP
and arranging them periodically, the final MPt can be obtained
as shown in Figure 2a. The portion enclosed by the red dashed
line is selected as the unit cell of this periodic structure, with the
Bloch-Floquet boundary conditions applied to its boundaries for
simulations. The wave vector k was swept along the boundary
of the irreducible Brillouin zone for a square lattice (shadow re-
gion in the inset of Figure 2b), to numerically solve the eigen-
value problem w(k). The first-order dispersion curve (red line
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in Figure 2b) reveals a zero-frequency bandgap spanning 0+ to
2.8 kHz (indicated by the yellow-shaded region); there are no
propagation modes within the bandgap range. Apart from the de-
generate rigid motion mode at zero frequency, the mode of the
flat band at 2.8 kHz corresponds to the resonance mode of the
soft layer. This vibration mode exhibits predominantly in-plane
deformation, indicated by the bright spots shown in the inset of
Figure 2b. Owing to their very small footprints, the localized soft
layer modes can only have minimal coupling with sound waves
incident on the MPt. Hence the upper limit of the sound insula-
tion frequency, defined by the normal displacements of the MPt,
is determined by the locally resonant mode of the TP, approxi-
mated by the lowest-order mode at 6.8 kHz as shown in Figure 1c.
We have also identified such a locally resonant mode in the sim-
ulations on the MPt, shown in Figure 2b, with an eigenfrequency
of 6.76 kHz at the X point. This is very close to the TP resonance
with corners clamped. The displacement profile of the locally res-
onant mode at Xy, is also similar to that of the isolated TP reso-
nance shown in Figure 1c, with the exception of the asymmetry
between the two diagonals, as dictated by the symmetry of the X
point. The TP resonances at the M and I points, with frequen-
cies of 6.799 and 6.798 kHz, respectively, are highly hybridized
with the near-continuum of soft layer and other modes. They ex-
hibit a much less distinct localized displacement profile than that
at the X point (see Section S6, Supporting Information for de-
tails). Hence, 6.8 kHz may be regarded as the demarcation fre-
quency above which the global excitations begin to appear. These
results indicate that the upper edge frequency of the band gap in
the mosaic plate originates from the local resonance of a single
tile with four corners fixed. Since this local resonance frequency
can be tuned by varying the lateral size of the tile, as shown in
Figure 1c, it follows that the size of the zero-frequency bandgap
can be tuned by scaling the size of the tile.

While the upper edge of the band gap in the mosaic plate struc-
ture still originates from the local resonance of the tiles. It differs
significantly from the conventional locally resonant metamate-
rials. The main function of the mosaic structure lies in the ef-
fective low-frequency decoupling between units, which can sup-
press global bending modes at low frequencies. However, indi-
vidual tiles’ bending modes can exist at higher frequencies.

It is also worth noting that the starting frequency of the
zero-frequency bandgap is 0+, which suggests that the mosaic
plate can undergo rigid-body displacement as a whole. This fea-
ture frees the design from the requirement of being fixed to
the ground, offering greater flexibility for practical applications.
In this context, 0 Hz can also be regarded as the first reso-
nance of the mosaic plate, and thus, the mechanism of the
zero-frequency band gap can be interpreted using the Green
function.

2.3. Green Function and Point-Excitation Vibration Experiment
2.3.1. Green Function for Zero-Frequency Bandgap System

The elastic deformation response of a solid under a point source
pressure can be given by the Green function, which represents

the ratio between the deformation displacement & at position x
and a source pressure p at x', with angular frequency:
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Here ¢ is the n-th eigenfunction in the unit of displacement,
w, = 2xf, is the associated angular eigenfrequency, ® = 2xf
is the angular frequency of the source, and g, is the dissipation
coefficient of the system associated with the nth eigenfunction.
Hence, the displacement at x can be expressed as

: o Bx)9,(¥)
o0 =p Y @

In the case of a zero-frequency bandgap, there are no eigen-
functions between the lower bandedge and the upper bandedge.
In the intermediate frequency range, the displacement field of
the solid is given by

o @) = b5 (%)@ (x')p b1 ()¢ (x)p
T my (o} — @ —ifyw)  m (@) — @ — ifw)
b3 (%), (x)p

G)

m,(@? — o? — if,w)

It should be noted from Equation (3) that the absence of modes
in the bandgap frequency range does not imply zero response in
the relevant frequencies. Here the zeroth order eigenfunction is
that of the rigid body motions, the first order eigenfunction is
the one with eigenfrequency at f; = 2.8 kHz, while the second
order eigenfunction is that with eigenfrequency at f, = 6.8 kHz,
the locally resonant mode. It is noted that the first-order eigen-
function has a limited spatial extent since it is localized in the
soft layer, hence its contribution to the overall displacement is
negligible.

Here we would like to note that regarding the earlier re-
mark concerning the challenge to the homogenization theory,
the Green function approach can give a more general overview
of this comment. In the absence of low-frequency excitation
modes, the Green function still provides the response function
to a point excitation. The Green function approach can be re-
duced to the effective medium theory when the self-energy term
arising from multiple scatterings, in the low frequency range, is
wave vector k-independent. However, in the present case, the re-
sponse to the point excitation is clearly tied to the position of
the excitation and the distance from it. That implies k depen-
dence on the self-energy.*®! Hence, any new approach to the ho-
mogenization theory for our present system must take that into
account.

2.3.2. Vibration Transmission Verification

As is well known, the Green function is the solution of a lin-
ear differential equation under a point-source excitation (i.e., a
Dirac delta function). According to the principle of superposi-
tion, the response to an arbitrary excitation can be expressed as
the convolution integral of the Green function with the excita-
tion function. This approach is widely used across physics and
engineering. Based on the Green function interpretation of the

© 2025 Wiley-VCH GmbH
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Figure 3. Vibration transmission test for the mosaic plate and the reference plate: a) Photos of the setup for the vibration test, where the laser vibrometer
scanning area is delineated with side length L, (20 X 20 TPs). Details of the experimental setup can be found in Section S3 (Supporting Information).
b) Upper panel: Centre line region of the MPt (red dash line in (a)) for evaluating the vibration signal transmitted from the source to the measurement
point, 0.6 m away. The red star indicates the excitation position of the shaker, and the red dashed line is the central line for measuring the transmitted
signal at various distances from the source, shown in (c—e). The blue and green squares indicate the pickup area for the input and output signals,
respectively. Lower panel: Experimental results of mosaic plate’s transmission (blue line) as a function of frequency, compared with the fitting result
based on the Green function (red line). The transmission of a 2 mm stainless steel reference plate with the same mass and lateral dimensions is shown
by the gray line. While the MPt transmission results show significant decay, the same results for the reference plate show no significant decay, apart
from large fluctuations arising from the discreteness of the excitation modes due to sample’s finite size. c) Vibration transmission as evaluated from
Equation (4) for the reference plate, plotted as a function of distance away from the source. The frequency covered is from 50 Hz to 8 kHz. d) The same
for the MPt, where the black dash line represents the upper edge of the bandgap at 6.8 kHz. e) Fitting results based on the Green function, where the color
represents transmission in dB. f,g) The comparison of experimental displacement velocity fields of the reference plate and MPt over the cross-sectional
area of the sample, at selected frequencies (100 Hz, 200 Hz, 500 Hz, 1 kHz, 3 kHz, 5 kHz and 7 kHz). Here the color represents the value of normalized
out-of-plane displacement velocity; white denotes 1 and black means zero.

zero-frequency band gap presented in the previous section, we  placement velocity is denoted v
further validate the mechanism by vibration transmission exper-  the sample is defined by
iment with a point excitation to the MPt.

Here, we performed vibration transmission tests on the MPt,
as well as on a 2 mm thick stainless-steel plate of the same mass T =20 log
and in-plane dimensions for comparison. For this experiment, v
we used a point harmonic source excited by a shaker (The Modal
Shop 2075E), and a laser vibrometer measurement system, as
shown in Figure 3a. The sample was suspended at its four cor-
ners using two types of cords (non-elastic and elastic) attached
to a rigid frame, while the remaining boundaries were left free.
(Refer to Section S3, Supporting Information, for details of the
experimental setting) The scanning area for the laser vibrome- :
ter (Polytec PSV-500) is L,xL,206m X 0.6m (shaded re- ne L __ne L no ‘ e
gion in Figure 3a). The averaged out-of-plane velocity within the ol —ifyw | -0 —ifo | o2-wi-ifo| \ x|’
blue region at the beginning of the centerline (see upper panel of
Figure 3b) was selected as the input signal v;,,,,; while the green ~ where fy= 0, f; = 2.8 kHz, and f, = 6.8 kHz represent the three

ouput- 111€ transmission signal of

Voutput

(dB). “)

input

In the experiment, we only measured the amplitude of the out-
of-plane displacement velocity. Hence for the ease of comparison
Equation (3) is rewritten as:

b5 (%)¢o (x')peo B (x)¢h1 (x)pe>

mgy (ms—wz—iﬁgm) m (w%—mz—iﬂl ) m; (@

#; (%), (x)po

2_,

[v(x, ¥, w)| =

0?—if,w)

)

o

input?

region at the end of the centerline (see upper panel of Figure 3b)
was chosen as the output region. The average out-of-plane dis-
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eigenfrequencies between the lower and upper boundaries of the
bandgap; v,, 71, and y, are parameters related to m,, m, and m,;
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A /ﬁ is the distance factor that accounts for the spreading of

a point source in two dimensions, and a is the lattice constant.
Since the localized resonance modes of the soft layer are primar-
ily confined to in-plane motion, their influence can be neglected,
ie., y; = 0isused for simplification. By substituting the experi-
mental input data at the source point, the vibration transmission
based on the Green function can be expressed as

|v(x, x, a))|

T =20log -eY| (dB), (6)

v,

input

where C is the dissipation coefficient caused by the soft layers.
We used the least squares method to fit the parameters b =
[r2» Bo, By, C] in the Green function expression, by using the ex-
perimental data:

N
min|T(w, b) ~ T°|; = min gmwi, b) - T°), 7)

where T(w, b) is the fitting result (Equation 6), and T*? de-
notes the experimental results, evaluated by using Equation (4).
The final optimal parameter combination can be obtained as
7o = 1.07ms™?2y, = 1328 ms™2, f, = 170.55Hz, B, =
1021.08 Hz, C = 5.05 % 10~* s (Refer to Section S2, Supporting
Information for details of the least squares fitting and parameter
analysis).

Shown in Figure 3b are the experimental results, measured
as a function of frequency, for the MPt and the reference plate,
as well as the fitting results based on the Green function. The
comparison reveals that the MPt exhibits a significant reduction
in vibration transmission between the source and the measure-
ment point 0.6 m away. Between 50 Hz (the lowest measured
frequency) and 6.8 kHz, the measured vibration transmission
trend aligns closely with that predicted by the Green function
fitting results. In comparison, for the reference plate, the out-
of-plane displacement velocity fields at the measurement point
display a flat (average) center line with large fluctuations as a
function of frequency, owing to the discreteness of modes in the
finite-sized sample. In Figure 3c,b,e, we show the data for the
transmitted signals at different distances from the source: 3c the
reference plate, 3d the MPt, and 3e the Green function predic-
tion. It is observed that the transmitted signal of the reference
plate does not show any sign of decay as a function of distance,
whereas for the MPt the signal decay is obvious. This decay is
reproduced by the Green function prediction as a function of dis-
tance away from the source. Figure 3f,g shows the cross-sectional
excitation profiles for the reference plate and the MPt at different
frequencies. Locally resonant modes in the MPt appear only at
around 6.8 kHz. Owing to the influence of the boundaries of the
finite structure, wave propagation still occurs at low frequencies
(less than 100 Hz) in the experiment, which is an unavoidable
experimental limitation. In conclusion, it is evident that the up-
per limit of the bandgap, as presented by the transmission spec-
trum, closely matches the first bending mode frequency of a sin-
gle TP with four corners clamped at 6.8 kHz. Additionally, near
the middle of the bandgap, a slight increase in transmission is
observed in Figure 3b. This is attributed to the addition of the
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two Lorentzian tails from the zeroth order mode and the second
order mode.

2.4. Sound Transmission

Sound attenuation through reflection, especially in the low-
frequency regime, has always been an important topic for the
envisioned use of zero-frequency bandgap materials as the re-
flecting wall. The absence of low-frequency modes is expected to
decouple the incident sound from the wall. According to the mass
density law,*! increasing the areal mass density of a wall can sig-
nificantly enhance its sound insulation capability, especially in
the low-frequency range. However, for many applications, strict
weight and space limitations can mean the impracticality of in-
creasing the thickness or density to improve sound insulation
performance. Due to the absence of excitable modes in the zero-
frequency bandgap range, the MPt is an ideal material system to
overcome the limitations imposed by the mass density law in the
low-frequency range.

The experimental setup for the sound insulation test consists
of two chambers: a reverberation chamber as the source room,
and a semi-anechoic chamber on the receiver side (Figure 4a),
separated by a window in which the sample is to be firmly an-
chored. The sample was clamped by two wooden frames and
fixed to the wall that defines the edge of the window (Figure 4b).
Because of the 0.1 mm gaps between the TPs, sound leakage
from these gaps could impact the sound insulation performance.
Here, we applied engine oil to the gaps, which has a large
impedance mismatch with air (illustrated in Figure 4c) to miti-
gate the sound leaking effect. Engine oil can adhere to the metal
surface to form a stable thin film. During the test, the source
room emits sound signals from two corner speakers. The diffuse
incident sound waves reaching the sample window, p;,,, were rep-
resented by the captured sound from a microphone array placed
in the center region of the source room. A sound intensity probe
(B&K Type 3599) was used in the receiving room to scan the
sound field near the surface of the sample, to obtain the averaged
value p,,, across the sample surface area. The acoustic transmis-
sion loss of the sample is expressed as

TL = 20log (||5—||> (dB). 8)

The experiment and simulation results on the MPt are shown
in Figure 4d as red line and blue circles, respectively. The same
test was carried out on the reference plate for comparison; the
results are plotted in Figure 4d as the yellow line. The mass den-
sity law is shown as the green dashed line. We observe that the
transmission loss (TL) of the mosaic plate remains relatively flat
atlow frequencies (below 1 kHz), with an average TL of 30 dB (ex-
periment) and 35 dB (simulation). In the mid to high-frequency
range, the trend tends to align with the mass density law, but the
TL is consistently 5 dB higher than that predicted by the mass
density law. A significant change in the simulation results is seen
near the upper edge of the bandgap (6.8 kHz), where local reso-
nance occurs, so a sharp increase in transmission (i.e., a decrease
in TL) is seen. For the reference plate, its trend in low frequencies
is consistent with the mass density law. However, due to the dif-
fuse sound incidence in the experiment, the trend deviates from
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Figure 4. Acoustic transmission loss for the mosaic plate sample and the reference plate: a) Photos of the reverberation room (left) for the sound source,
and the semi-anechoic room for measuring the transmission (right). The source room has two speakers placed at the corners and a microphone array in
the center region. The diffuse sound captured by the microphone array placed in the center of the room is taken to be the incident sound on the sample.
b) The mosaic plate sample was fixed with two wooden frames and the whole structure was clamped to the edges of the window connecting the two
chambers. The size of the sample window is 0.7 m x 0.7 m. c) Engine oil (yellow region) fills the gaps of the MPt to prevent leakage of incident sound
waves. d) Comparison of mass density law (green dashed line) with simulation result (hollow blue dot). Here the yellow line delineates the measured
results for the reference plate, and the red line is that for the MPt. The experimental test frequency range is 50 Hz to 5 kHz, but the simulation results
extend to 7.5 kHz. The experimental results are moving-window averaged over a window width of 30 Hz. For the MPt, deviation from the mass density

law is clearly seen below 600 Hz.

the mass density law significantly above 1 kHz. The latter is based
on normal incidence.

In Figure 4d, the mass density law and the simulation results
were obtained under the normal incidence condition, whereas
the experimental results on MPt and the reference plate were
obtained under the diffuse incidence condition. Hence accurate
comparisons should be between those with identical incidence
conditions. For the simulation results, it is seen that in the low
frequency regime, the MPt shows a significant advantage over the
mass density law, which basically expresses the inertial effect as
dictated by Newton’s law. Here the damping effect of the soft lay-
ers at the corners of each TP, through the conversion of normal
TP displacement to lateral displacement of the soft layers at the
open boundaries, played an important role. The mosaic geometry
plays the role of focusing the stress at TP’s corners, thereby mak-
ing the dampling effect of the soft layer especially effective. This
advantage persisted even in the high frequencies. For the com-
parison between the experimental results on the MPt with that
of the reference plate, it is observed that the measured results on
MPt not only reproduced the qualitative behavior exhibited by the

Adv. Funct. Mater. 2025, e08243

08243 (7 of 9)

simulations in the low-frequency regime, but also displayed a TL
advantage over the reference plate all the way to the upper end of
the measured results at 5 kHz.

It should be noted that the data plotted in Figure 4d were
moving-window averaged with a window width of 30 Hz. With-
out the moving-window averaging, there can be significant oscil-
lations in the measured results below 100 Hz, owing to the finite
size of the reverberation source room, so that the sound modes
become discrete below 100 Hz. The oscillations reflect this dis-
creteness.

Overall, the MPt provides an average of 13 dB higher sound in-
sulation at the ultralow frequency of 50 Hz, as compared to a uni-
form plate of the same mass density and dimensions. The MPt
also shows a noticeable higher sound insulation effect at high
frequencies, demonstrating that the mosaic design can indeed
deviate significantly from the mass density law over a broad fre-
quency range.

The results show that mosaic design holds promise for prac-
tical integration into lightweight, deployable structures such as
ship hulls, aerospace panels, and portable acoustic shields, where
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both wave attenuation and structural rigidity are required. Be-
yond acoustics, it may be extended to elastic or mechanical meta-
materials for vibration isolation and mechanical filtering. These
features together suggest that the design could serve as a versatile
platform for future multifunctional systems incorporating sens-
ing, actuation, or energy harvesting.

3. Conclusion

In this work, we propose a mosaic plate design that can demon-
strate a zero-frequency bandgap in the broadband frequency
range of 0%-6.8 kHz, as well as display effective sound insulation.
The effects were verified by both simulations and experiments.
In the design of the MPt, the TPs are linked at corners by screws
and stabilized by the JPs. Each JP comprises two smaller-sized
aluminum pieces on opposite sides of the TPt, with two silicone
rubber layers sandwiched in between. The overall structure ex-
hibits static rigidity while displaying an absence of modes at fre-
quencies between 0" and the locally resonant mode at 6.8 kHz.
Furthermore, the application of the MPt in sound insulation was
analyzed through both simulations and experiments, showing an
excellent sound insulation effect that exceeds the performance
predicted by the mass density law. Our results provide valuable
insights into the design and application of acoustic and mechani-
cal metamaterials, especially in the low-frequency regime. Future
work will explore how nonlinear interactions between bandgap
formation and stress-driven energy transfer at geometric inter-
faces can unify low- and mid-frequency wave suppression within
a single broadband metamaterial design.

4. Experimental Section

Simulation Setting: The commercial software COMSOL Multiphysics
6.0 was adopted for simulations. The Solid Mechanics eigenfrequency
module was used for the dispersion calculation (Figure 2b), with the Flo-
quet boundary condition applied to the boundaries of the unit cell. For
the simulations involving sound transmission loss (Figure 4d), the Solid
Mechanics module was combined with the Pressure Acoustics module.
The former was responsible for the domain of the mosaic plate sample,
whereas the latter was responsible for the air domain. For the solid-fluid in-
terfaces at the gaps, continuity boundary conditions were applied for the
displacement and stress fields. The lateral boundaries of the simulation
were set to be the Floquet boundary condition. The boundaries of the TPs’
gap area were defined as the “slit” in narrow region acoustics and were
refined with a denser mesh. Localized free tetrahedral mesh refinements
(minimum element size = 0.05 mm) were implemented near gaps and
joints to resolve stress singularities. Additional information about simula-
tion results is provided in Section S6 (Supporting Information).

Sample Fabrication and Assembly: The mosaic plate sample in the ex-
periment consists of two sizes of aluminum alloy sheets (TP: 30 mm X
30 mm X 3 mm, JP: 15 mm X 15 mm X 2 mm), the soft layer of silicone
rubber 15 mm x 15 mm X 3 mm and two specifications of screws, 4 mm
and 3 mm diameters. The metal sheets were all manufactured using CNC
(Computer Numerical Control) precision machining. For the TP, the four
holes and the quarter holes on the corners were all threaded. For the P
Al pieces, there are two types: one is to be assembled on the top, and its
central hole is threaded, while the other holes are unthreaded. For the |P
Al piece to be assembled on the bottom, all the holes are unthreaded. The
production of the soft layer was achieved by mixing two reagents of sili-
cone rubber (Smooth-on Mold Max 30), pouring them into a hard mold
made by 3D printing, curing for 24 hours, and demolding. The Young’s
modulus of the soft layer is obtained through uniaxial tensile testing us-
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ing a universal testing machine. More details of the sample preparation
are described in Section S1 (Supporting Information).

Experimental Setups: In the vibration test, a laser vibrometer system
was used for precise measurements. Excitation was applied to the back
of the sample at the input end using a shaker (The Modal Shop 2075E)
connected to an amplifier (SmartAmp 2100E21-400), which served as the
point source. The laser vibrometer (Polytec PSV-500) was aimed at the
front of the sample to perform scanning over the scanning area. The scan-
ning grid was centered on each TP, with a spacing of 30.1 mm between
adjacent scanning points. This resulted in a total of 20 X 20 scanning
points. The same scanning grid configuration was applied to the reference
stainless steel plate. In the acoustic transmission loss test (ISO 15186-1),
a reverberation chamber equipped with two loudspeakers and a micro-
phone array served as the source room with diffuse incident sound waves.
The receiving room is a semi-anechoic chamber. A handheld sound in-
tensity probe (B&K Type 3599) was manually operated during the test to
perform near-field scanning on the receiver side. The scanning was con-
ducted approximately 10 cm from the sample surface, to measure the av-
erage near-field sound pressure of the sample. Further details of the vibra-
tion and acoustic tests are summarized in Section S3 and S4 (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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