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a b s t r a c t

The feasibility of using an acoustic metasurface (AMS) with acoustic stop-band property to
realize sound insulation with ventilation function is investigated. An efficient numerical
approach is proposed to evaluate its sound insulation performance. The AMS is excited by
a reverberant sound source and the standardized sound reduction index (SRI) is nu-
merically investigated. To facilitate the modeling, the coupling between the AMS and the
adjacent acoustic fields is formulated using a sub-structuring approach. A modal based
formulation is applied to both the source and receiving room, enabling an efficient cal-
culation in the frequency range from 125 Hz to 2000 Hz. The sound pressures and the
velocities at the interface are matched by using a transfer function relation based on
“patches”. For illustration purposes, numerical examples are investigated using the pro-
posed approach. The unit cell constituting the AMS is constructed in the shape of a thin
acoustic chamber with tailored inner structures, whose stop-band property is numerically
analyzed and experimentally demonstrated. The AMS is shown to provide effective sound
insulation of over 30 dB in the stop-band frequencies from 600 to 1600 Hz. It is also
shown that the proposed approach has the potential to be applied to a broad range of AMS
studies and optimization problems.

& 2017 Elsevier Ltd All rights reserved.
1. Introduction

Sound insulating structures are widely used in various engineering and architectural applications. Structures such as a
heavy wall can achieve high sound insulation. However, when ventilation or heat conduction is needed, introducing an
opening can significantly deteriorate the overall sound insulation performance. The sound insulation property of a structure
is usually adversely dominated by the poor performance of the opening, making it difficult to conciliate noise reduction and
ventilation at the same time. Previous studies have considered the use of porous material [1] and partially open double
glazing [2] to treat the opening. Although the sound reduction can be improved, the final structure required is usually very
bulky.

In recent years, acoustic metamaterials (AMM) received much attention and appeared to open up a new direction for
designing acoustic devices, exemplified by research in the field of sonic crystals [3], AMM with negative effective mass [4],
negative effective bulk modulus [5] and double-negative AMM [6]. The existing AMMs are often realized either by resonant
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Fig. 1. (a) AMS constructed of structured unit cells for controlling and manipulating sound waves; (b) AMS connecting a sound source field and a receiving
room.
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systems such as Helmholtz resonators (or elastic membranes with attached mass), or by periodic lattices based on the Bragg
scattering. Several researchers have demonstrated the existence of acoustic stop-bands in acoustic ducts lined with periodic
scatters [5–7]. The forming of the acoustic stop-band is related to both the individual property of the scatterer and the
periodicity. However, the acoustic duct systems presented in these studies are very bulky, which hampers their applicability
in real-world applications.

The use of AMM for practical noise control is more desirable with compact size and broadband performance. With an
emphasis on the sub-wavelength property, the realization of acoustic metasurface (AMS) may overcome some of these
limitations. As illustrated in Fig. 1(a), an AMS is constructed by stacking structured unit cells in a periodic pattern such as a
planar array, aiming to realize a certain acoustic function such as high reflection, high absorption or negative refraction.
Recent studies reported the design of AMS based on Helmholtz resonators, locally resonant absorbers and artificial Mie
resonances [8–10]. The objective of the present study is to use the concept of AMS to realize a surface for broadband sound
insulation while allowing for air ventilation. To this end, the unit cell is constructed in the shape of a thin air chamber with
apertures on the front and rear surfaces (see Fig. 9 below). The structure inside the air chamber is tailored by adding
partitions, ideally forming an acoustic stop-band, to prevent noise transmission. The proposed structure is applicable to
those working environments where noise mitigation, ventilation and heat conduction are simultaneously required. Typical
examples are ventilation windows with high noise insulation, sound enclosures for engine and machinery equipment, etc.

Most of the existing analyses on AMS carried out to date were focusing on the dispersion curves based on eigen-state
properties [8,9]. As an equivalent acoustic medium, the effective material properties of the AMS can be deducted from the
analyses based on small-scale samples under normal incidence condition. However, when using AMS in real applications, its
acoustic response is not only determined by its eigen properties, but also by the characteristics of the coupled acoustic fields.
For example, the size, arrangement of the AMS, and most importantly, the sound incidence pattern can all affect the results,
which makes the so-called “in-situ performance” significantly different from the theory [11]. As our target is to design AMS
for sound insulation, a representative configuration in Fig. 1(b) is considered, where the AMS is connecting a sound source
room and a receiving room. Such a configuration is described in ISO 10140 [12] for guiding a standardized sound reduction
index (SRI) measurement, provided that certain acoustic conditions for the two rooms are satisfied. Since the two rooms are
three-dimensional (3D), and the acoustic excitation and radiation are not limited to a particular angle, the resultant acoustic
performance is inherently different from the normal incidence case. This study addresses the SRI prediction based on the
standardized configuration as illustrated in Fig. 1(b).

Numerical models are useful tools to understand the physical phenomena and tune the acoustic performance. Finite
element method (FEM) has been applied to model AMS composed of both acoustical (e.g. Helmholtz resonator) and
structural (e.g. membrane with/without attached mass) elements [8–10]. Eigen-state analyses and effective material
parameter retrieval based on small scale samples have been demonstrated. However, it is definitely challenging to extend
those FEM models for predicting the SRI, mainly hampered by the extremely heavy computational cost. The FEM requires a
convergence criterion of at least six to eight nodes per wavelength. To predict the SRI at 2000 Hz, for example, the element
size should be smaller than 0.03 m (wavelength in air is 0.18 m), which means that millions of elements are needed to mesh
a 3D room with side length in the meter range. This greatly restricts the applicability of FEM for such kind of problems.

To evaluate the acoustic performance of the AMS and tackle the numerical difficulties, this study presents a sub-
structuring approach with hybrid theoretical-numerical techniques to evaluate the SRI under laboratory test setting. The
sub-structuring approach first characterizes the acoustic properties of the two rooms separately, and then couples the AMS
to solve the overall response. The simple room geometry allows analytical treatment to expedite the calculation, whilst the
complex AMS can still be modeled by detailed methods without encumbering the total calculation process. Similar hybrid
modeling has been demonstrated [13], with the continuity condition at the interface being written in a modal integration
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form. However, to describe the AMS by modal matching is mathematically tedious. A more convenient matching technique
is developed here by writing the coupling on the averaged patches, i.e., a small surface element segmented over the AMS,
within which the acoustic properties are assumed as uniform. Depending on the sound transmission characteristics, two
types of AMS are considered in the formulation. One type can be described by effective material properties, which is
therefore treated as an equivalent acoustic medium. The other type has separated unit cells, which means that sound can
only pass through the normal surface of each cell without propagating within the surface. Such an AMS is treated as a
cluster of acoustic elements, and the transfer matrix of each unit cell is utilized to connect the acoustic fields on its both
sides. Since the unit cells are structured in irregular shapes, FEM remains the most suitable tool to model their properties.
The analytical room modeling, interface matching and AMS modeling constituting the whole numerical framework are
discussed in Section 2.

For illustration purposes, several numerical examples are investigated in Section 3. Both the proposed sub-structuring
approach and the conventional FEM are employed to predict the SRI, where their convergence and calculation efficiency are
compared. To realize an AMS for both sound insulation and ventilation, the unit cell in the shape of an opened air chamber
with a tailored inner structure is constructed. Experiments were conducted to confirm the acoustic property of the unit cell,
showing stop-band behavior from 600 Hz to 1600 Hz. The SRI of the proposed AMS is then numerically predicted using the
proposed approach, with comparisons with other unit cell configurations.
2. Formulation of the sub-structuring approach

2.1. Source and receiving room modeling

Let us consider an AMS connecting a reverberant source room and a receiving room as shown in Fig. 1(b). The AMS is
composed of structured unit cells aiming at blocking the noise transmission in a specific frequency range. This section
presents a theoretical framework for SRI prediction under the laboratory setting as specified in ISO 10140 [12]. To generate a
diffuse sound source, the rectangular room has rigid wall surfaces and is excited by a point sound source S. The size of the
source room is × ×S S Sx y z, and that of the receiving room is × ×R R Rx y z . The sound pressure fields inside the rectangular
room can be analytically decomposed into the rigid-walled acoustic modes as:
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where Pr is the sound pressure; ar
m and φr

m are the amplitude and mode shape function of the eigenmodes; m denotes the
modal number; kx, ky and kz are the wavenumbers: π=k m S/x x x, π=k m S/y y y and π=k m S/z z z; mx, my and mz are modal
numbers: = ⋯m m m, , 0, 1, 2x y z , in the x-, y- and z- directions, respectively. The same modal expansion applies to the re-
ceiving room.

The sound pressure generated by the point source is transmitted into the receiving room by the AMS. Inside the two
rooms, the general formulation of the pressure field in the presence of point source and acoustic boundary has been well-
documented [14]. By incorporating Helmholtz's wave equation into a Green's formulation, the acoustic response solely due
to the point source is:
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where ω π= =k c f c/ 2 /0 0, f is the excitation frequency, =c 343m/s0 is the sound speed in air. The air damping can be included
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eigenfrequency of the room. Vr describes the air volume enclosed by the room. q is the strength of the point source, δ is the
Dirac delta and coordinate ( )x y z, ,s s s specifies location of the sound source. The modal mass Nr
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and the same expressions apply to the y- and z- directions. In the calculation, the series need to be truncated leading to a
finite number of eigenmodes to be used. To ensure the convergence, the number of modes Nm is truncated until the ei-
genfrequency fm exceeds twice of the maximum calculation frequency.

It is assumed that sound can only pass through the AMS and all the other room walls are rigid. In that case the AMS can
be considered as a vibrating boundary whose normal velocity is Vn, and the coupling with the acoustic cavity can be written
as [14,15]:
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where Sr is the surface area of the AMS, n denotes the direction normal to the surface. ρ ω∂ ∂ = −P n j V/r n0 , ρ0 is the air density,

taken as ρ = 1.25 kg/m0
3. The above equation is commonly used as the governing equation for modeling sound transmission

through partitions, such as flexible plate [16], wall with slit or opening [13], porous material [17], etc. If the partition
structure is simple, analytical modeling can be applied and standard modal matching at the connecting interface can be
used to get the system response. However, the AMS are usually designed in complex structures. Using modal matching is
mathematically tedious and thus becomes not very practical.

A sub-structuring approach is proposed to facilitate the modeling. Fig. 2 illustrates the system which is divided into a

source room, a receiving room and the AMS in the middle. The AMS is excited by initial force F̃ due to the point source, and
coupled to the two rooms through acoustic impedances Zs and Zr.The AMS, as depicted in Fig. 3, is composed of Nx by Ny

unit cells of side length ×a ax y. The origin of the Cartesian coordinate system coincides with the room corner, and the lower

left and upper right corners of the AMS are located at (wx, wy) and (wxþNxax, wyþNyay), respectively. Let us denote the
surface area of each unit cell by a small “patch”, which connects the acoustic fields on its both sides either acoustically or
structurally. If the patch size is smaller than half of a wavelength in the acoustic domain, it is reasonable to consider its
vibroacoustic response in an averaged sense, enabling an averaged pressure and velocity to describe each patch [18]. The

force F̃ is a vector containing the same number of elements as the patch numbers ×N Nx y, and the two impedances Zs and Zr

are square matrices of order ×N Nx y. For a patch located in row nx and column ny ( = ⋯ = ⋯n N n N1, 2, , 1, 2,x x y y), the

corresponding excitation force F̃ element averaged over its surface, which is obtained a priori to the coupling, has:
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Fig. 3. Modeling of the AMS mounted on the common partition wall.
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where the expression of ar
m can be found in Eq. (2), leading to
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where the source term Q is defined as = ( ) ( ) ( )Q q k x k y k zcos cos cosx s y s z s . The integration of the mode shape function in the x-
direction is:
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Similar expression can be obtained for the y- direction. The excitation forces F̃ for each patch are combined as the
excitation force vector F̃.

The coupling impedance between the AMS and the adjacent acoustic domain is derived from Eq. (4). Consider the sound
pressure in the room excited by a patch “a” (in row nx and column ny) with an input velocity, resulting in a force at a
receiving patch “b” (in row ′nx column ′ny). The acoustic impedance, or the transfer function between the input velocity and
output force writes:
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where Va is the averaged velocity of patch a and Fb is the resulted force at patch b. Incorporating the expression of ar
m

obtained from Eq. (4) further leads to:
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respectively.
It is worth noting that the initial excitation force F̃ and the acoustic impedances Zs and Zr are calculated before the AMS

is coupled together. The vibroacoustic coupling at the interface facing towards the source room and the receiving room is
written as:

˜ = +
= ( )

F Z V F
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where V1 and V2 are the velocity vectors of the AMS on both sides. F1 and F2 are the force vectors, describing the coupling
through the AMS.

2.2. Acoustic metasurface modeling

As for the AMS modeling, two types of treatment are developed depending on the sound transmission characteristics
through the AMS. The first treatment is for those AMS which can be considered as an equivalent acoustic material, such as
sonic crystal constructed from elastic material with dynamic inclusions [3,19]. The effective material properties, namely the
complex mass density ρm and complex sound speed cm, can be retrieved based on the available method [20]. As an
equivalent fluid domain, the patches divided over the front and back surfaces of the AMS are interconnected, as illustrated in
Fig. 4(a). The coupling within the AMS can be written as:
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where Z11 and Z22 describe the coupling impedance between the patches on the same surface, Z12 and Z21 describe the
transfer impedance between the two surfaces. The four impedances are square matrices of order ×N Nx y, and their element
expressions can be found similar to Eq. (8), simply by changing air ρ0 and c0 to the effective ρm and cm of the AMS.

The second treatment is developed for AMS which is composed of separate unit cells, as shown in Fig. 4(b). The sound
wave is assumed to be transmitted only through each cell in the normal direction, without being able to propagate within
the surface direction. Such a configuration can be used to describe AMS with decorated membrane resonators [9], and AMM
with local resonant membranes [21–23], whose resonant component is constraint over a relatively rigid frame. Given a
sound incidence, each unit cell is assumed to be acoustically locally reacting, such that the dynamic equilibrium condition
can be established at each unit cell.

Aiming to realize an AMS for sound insulation and ventilation, the unit cell in the shape of a thin air chamber with
apertures on the front and rear surfaces is constructed. The inner structure is tailored into multi-chambers to create local
resonances, aiming to form an acoustic stop-band. The cross-section of a unit cell is illustrated in Fig. 4(c), which can be



Fig. 4. AMS modeled as: (a) an equivalent acoustic domain; (b) an array of acoustic elements. (c) AMS with unit cells designed in an air duct with periodic
resonators.
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considered as a waveguide attached with periodic scatterers. The theoretical wave propagation and the existence of stop-
band in such waveguide have been studied [7,24–26]. In this investigation, a number of unit cells are stacked up in a planar
array, turning in to the configuration in Fig. 4(b).

To model each unit cell, the sound transmission through the duct can be treated by the well-known transfer matrix
method. The duct inlet is connected to the source room and the outlet is connected to the receiving room. Assuming the cut-
off frequency of the duct inlet is higher than the frequency of interest, the four-pole parameters can be used to describe the
inlet-outlet relationship:
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where A, B, C and D are the four-pole parameter of a unit cell. F1 and F2, V1 and V2 are the force and velocity at the inlet and
outlet, respectively. The four-pole parameters for each unit cell can be obtained by:
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where So is the surface area of the opening. The above relation can be deducted from analytical method if the duct structure
is simple [27,28], or solved from numerical methods by using FEM or BEM [29,30]. For the periodic scatterers, many
scatterer types can be considered by the proposed technique, such as Helmholtz resonator [31], side-branch scatterer or
quarter-wave tube [7,24,25].

Then, by combining Eq. (11) with Eq. (9), the equations for describing the coupled systems yield:
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The velocity response of the AMS, V1 and V2 on its both sides, can be solved from the Eq. (13).

2.3. SRI calculation

To evaluate the sound insulation, the responses inside the two rooms are further determined. The sound field inside the
receiving room is entirely due to the vibrating boundary V2. From Eq. (4), one as:
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where r2 stands for the receiving room. For the source room r1, the response is a linear summation of the initial excitation
due to the point source and the coupling due to the vibrating boundary V1,
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The modal amplitude expressions are used to calculate the sound pressure at any point inside the room. The Sound
Pressure Level (SPL) is given by:
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where Prms is the root-mean-square sound pressure, =P P / 2rms r for time-harmonic analysis. P0 is the reference sound
pressure, taken as μ=P 20 Pa0 in air.

The spatial averaged SPL Lr is:
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where =V S S Sr x y z for the source room and =V R R Rr x y z for the receiving room. The level deference D between the source and

receiving room is −L Lr r1 2, and the SRI for specifying the sound insulation performance is calculated as [12]:

= − + ( ) ( )αSRI L L S S10 log / 18r r1 2

where Sr is the total area of the AMS, αS is the equivalent sound absorption area of the receiving room, =αS V RT0.16 /r with RT
being the reverberation time.

2.4. Source room diffuseness

To generate a diffuse sound source, a rectangular roomwith side lengths of 6 m�4 m�5 m in the x-, y- and z- directions
is used to excite the AMS as shown in Fig. 5. The total volume Vr1¼120 m3 satisfies the recommendation in ISO 10140, and
the side lengths have at least 10% difference. The diffuseness is verified before using it for SRI prediction.

Theoretically, the diffuse condition is more likely to occur with sufficient number of room modes. The number of normal
modes up to a frequency f can be accurately determined from Eq. (3), or approximately estimated by:
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For the present source room dimension, =V 120mr
3, the total area of room boundary =S 148mr

2, and the sum of side
lengths =L 60m. In Table 1, the number of the acoustic modes Nm within the frequency range from 0 to the upper limit of
each 1/3 octave band are tabulated. The frequency from 63 Hz to 2000 Hz refers to the center frequency of each band.
Fig. 5. A representative source room to excite the test AMS structure.



Table 1
The number of acoustic modes Nm within the frequency range from 0 to the upper limit of each 1/3 octave band.

Frequency Nm Frequency Nm Frequency Nm Frequency Nm

63 Hz 11 160 Hz 109 400 Hz 1347 1000 Hz 18,759
80 Hz 19 200 Hz 197 500 Hz 2512 1250 Hz 37,200
100 Hz 33 250 Hz 358 630 Hz 5055 1600 Hz 73,519
125 Hz 58 315 Hz 695 800 Hz 9891 2000 Hz 145,760
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Previous work by Papadopoulos [32], Nelisse and Nicolas [33] suggested the diffuse condition could be met if 20–30 normal
modes exist per bandwidth. This corresponds to 125 Hz in Table 1. In addition to the room modes, the spatial uniformity of
sound pressure field is further checked. The standard deviation of SPL for a number of points sampled in the source room is
calculated [2],

∑= ( − )
( )

SD L L N/
20

N

r r r
1

2
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where Lr is the SPL at the sampling points, calculated via Eq. (16), Lr is their averaged value, Nr is the total number of
sampling points. As sketched in Fig. 5, the sampling region is selected from (2.5, 1.5, 0.5) m to (3.5, 2.5, 1.5) m, a cubic volume
with a side-length of 1 m. The sampled points have equal spacing of 0.2 m between each other in the x-, y- and z- directions.
The air damping is taken as η = 0.0050 . Fig. 6 shows the standard deviation of SPLs, which decreases with increasing fre-
quency. Once the standard deviation stabilizes below 1.5 dB, roughly from 125 Hz to 2000 Hz, the source room is qualified as
diffuse enough [32,33].

Another important observation here is an indication of the required computational cost. Table 1 shows that, to cover a
medium high frequency range, the number of room modes to be included is very large. If 3D FEM analysis is conducted, the
element size needs to be very small and the total number of degrees of freedom (n-DOF) is inevitably huge. This may cause
tremendous troubles and nevertheless, it is not worth spending excessive computational resource on rooms, while the focus
would be on AMS design and its optimization. The proposed approach can resolve the problem, by applying analytical
modeling for the two rooms and packaging the coupling under a sub-structuring framework. In the low to mid-high fre-
quency range from 125 Hz to 2000 Hz, the number of eigenmodes required for modeling the source room is still capped in
the order of 106. The computational efficiency of the proposed approach and its advantage over traditional FEM analysis will
be discussed in the specific numerical examples.
3. Numerical examples

This section presents the application of the proposed approach on a few numerical examples. In the following sub-
sections, Section 3.1 demonstrates an air opening, as an example of the AMS which can be treated as an equivalent acoustic
medium. Section 3.2 studies the AMS composed of separated unit cells. As sketched in Fig. 7, the source room as studied in
Section 2.4 is used to generate the acoustic excitation, and a receiving room with a dimension of 3.5�4�3 m is used to
measure the transmitted sound. A square-shaped opening (1�1 m) between two rooms is considered. The center of the
opening is located at 3 m from the floor of the source room, and 2 m from the floor of the receiving room. In the following
studies, the room and the opening dimensions are kept unchanged. The sub-structuring formulation as described in Section
2 is implemented in MATLAB code. The SPLs in the source and receiving rooms are calculated, and then the SRI of the
structure considered at the opening is determined.
Fig. 6. Standard deviation of SPLs in the sampled region in the source room.



Fig. 7. Configuration and dimensions of the source room, receiving room and opening.
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3.1. Treatment as equivalent acoustic medium

The first case considers a simple air opening as shown in Fig. 7. The objective is to show the AMS treatment of the first
type, i.e., as an equivalent acoustic medium. To model the air opening as a fluid domain, previous work by the authors has
developed the necessary impedance expressions required by Eq. (10). The property of the air medium is given by ρ0 and c0

[15]. The idea is that if the approach works for the simplest air opening case, AMS of this type can be handled by changing
air property to the effective AMS property. The air opening is divided into 10�10 patches, and the thickness of the opening
is taken as 0.01 m. The SPL at two receiving points, located 1.5 m away from the center of the opening (P1 in the source room
and P2 in the receiving room), are calculated in the linear frequency range from 10 Hz to 300 Hz. The frequency step-size is
chosen as 1.5 Hz. A sufficient number of room modes have been included in the calculation.

To compare with the theoretical approach, a FEM model is built using the Acoustic module in the commercial software
COMSOL Multiphysics. The same room and sound source conditions are defined in the FEM model. The FEM mesh (free-
tetrahedral element) is generated according to the acoustic wavelength at 200 Hz, where λ = =343/200 1.7m. By using six-
element description of one wavelength, the biggest element size is 0.28 m, and the total number of DOFs for the system is
around 1.2�105. To solve the system response takes about 10 h CPU time, performed on a workstation with 16-core CPU
and 32 GB RAM. The SPLs at P1 and P2, calculated using the proposed approach and FEM, are presented and compared in
Fig. 8(a) and (b), respectively. It can be seen that the results from the proposed approach and FEM agree very well below
200 Hz, in the range where FEM is sufficiently reliable. Slight deviation starts to occur beyond 200 Hz, which exposes the
limit of FEM model for coping with higher frequencies. This example shows the effectiveness of the present treatment.
Fig. 8. Comparisons between the SPLs calculated using the proposed approach and FEM, at: (a) P1 in the source room and (b) P2 in the receiving room.



Fig. 9. (a) Acoustic metasurface constructed from a planar array (5�5) of unit cells; (b) 3D configuration of a unit cell, consisting of a serious of expansion
chambers; (c) Inner dimension of the 2D cross-section.
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3.2. Treatment as separate acoustic elements

AMS composed of unit cells in the form of an acoustic waveguide with periodic scatterers is investigated. As shown in
Fig. 9(a), the structure to fit the test opening is divided into 5�5 unit cells, each with a cross-sectional area of 0.2�0.2 m.
The unit cell is a rectangular air chamber, with aperture of 0.06�0.06 m at the center of the front and rear surface, as
sketched in Fig. 9(b). The air chamber is divided into several sub-chambers by adding internal partitions. The width of each
sub-chamber is 0.02 m, and that of the rigid partitions is 0.005 m. The periodicity d is therefore 0.025 m. Due to the
thickness limit, finite number of periodic sub-chambers is connected to produce the acoustic stopband effect. Connecting
four sub-chambers gives a total thickness of around 0.1 m, and the two-dimensional (2D) cross-section of the unit cell is
shown in Fig. 9(c).

The theoretical Bloch wave theory applied to the proposed structure is briefly analyzed. As a waveguide loaded with
periodic scatters, Bradley [24,25] first demonstrated the existence of Bragg stop-bands and scatterer resonance stop-bands,
which leads to the later development of acoustic metamaterials [7,26]. The Bloch dispersion relation points out that the
Bragg stop-bands is likely to occur when the frequency and periodic resonators satisfy the following condition:

= = ⋯f nc d n/2 , 1, 2, 30 . Given a periodicity of =d 0.025 m, the first Bragg stop-band exceeds 6000 Hz, which is beyond the
frequency range of interest here. The scatterer resonance stop-band occurs near the resonant frequency of the side-branch
scatterer. The 2D configuration as shown in Fig. 9(c) can be considered as a periodic arrangement of quarter-wave tubes,
whose resonant frequencies are =f nc h/4 ,r0 = ⋯n 1, 3 . hr is the height of the tube. hr ¼0.07 m yields the first resonance at
1200 Hz. Note that the stop-band frequency range, namely the bandwidth, is affected by the width of the sub-chamber,
dissipation loss, periodicity of the sub-chambers, etc.

To understand the acoustic property of the unit cell, both numerical and experimental analyses are conducted to study its
sound transmission characteristics. A picture of the fabricated unit cell sample is shown in Fig. 10(a), which is made of
transparent acrylic panels of 5 mm thickness. The acoustic property of the unit cell, including transmission and absorption
coefficient, is experimentally tested using the well-established four microphone-two load method [28]. For numerical in-
vestigation, a FEM model is built as shown in Fig. 10(b), where a waveguide with the same cross-section as the unit cell is
Fig. 10. (a) The fabricated unit cell sample for experimental test. (b) FEM model for calculating the transmission characteristics of a unit cell.



Fig. 11. (a) The transmittance versus frequency, the bandgap structure is marked in light blue. (b) Transmission loss of the unit cell.
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excited by a normal plane wave from one end and radiates freely to the other end. A section of the waveguide is replaced by
one unit cell in the middle. The transmittance, or the transmission coefficient of the unit cell is calculated as the ratio
between the transmitted power to the incident sound power. Note that all the wall structures of the unit cell are assumed as
rigid in the simulation. In Fig. 11(a), the predicted and experimental transmittance results are plotted, showing very good
agreement. A bandgap structure from 600 Hz to 1600 Hz is obtained, which coincides with the scatter resonance stop-band
as explained above. In Fig. 11(b), the Transmission Loss (TL) characteristics of the unit cell from FEM calculation and ex-
periment are compared. The theoretical and experimental curve shows very similar trend, although some discrepancies are
found at the TL peak region. A plausible explanation is that small percentage of sound leakage from the thin acrylic par-
titions is inevitable, making high TL (460 dB) very difficult to be achieved in experiment.

Using the proposed approach, the SRI of the AMS in Fig. 9(a) is calculated from 125 Hz to 2000 Hz, and the result is
presented in 1/3 octave bands. Within each band, 30 frequency points are logarithmically sampled and averaged. The four-
pole parameters for describing the unit cell is found from a FEM program based on the conditions specified in Eq. (12). The
reverberation time RT in the receiving room is assumed as 1 s. The sound pressure level difference D between rooms is
corrected by ( ) = −RT V10 log /0.16 8r2 dB to obtain the SRI according to Eq. (18).

Similar to Section 3.1, a FEM model is built for comparison, whose mesh is generated based on 300 Hz wavelength. In
Fig. 12(a) & (b), the spatial averaged SPL in the source and receiving room, predicted using the proposed approach and FEM,
are compared below 500 Hz. The resultant SRI is compared in Fig. 13(a). Again, the curves from the proposed approach and
FEM agree perfectly before the FEM convergence limit, whereas slight discrepancies occur from 300 Hz to 500 Hz. The
accuracy of the proposed approach is thus verified. In terms of calculation time, the FEM model takes 4.5 days to solve
5�105 DOFs, while the sub-structuring model only takes 2 hours, both performed on the same workstation. The huge
difference in the CPU time highlights the advantage of the proposed approach in the calculation efficiency.

Fig. 13(b) further presents the SRI of the AMS in the frequency range from 125 Hz to 2000 Hz, predicted using the
proposed approach. It can be seen that strong sound attenuation over 30 dB occurs from 600 Hz to 1600 Hz, coincides with
the acoustic stop-band in the unit cell study. This range can be potentially used to tackle traffic noise ingress into the
building. For example, building façade or window made of the present AMS structure can potentially satisfy the noise
mitigation, natural ventilation and lighting requirements together. The proposed AMS structure, with a total thickness of
Fig. 12. The spatial averaged SPL in the: (a) source room; (b) receiving room, predicted using the proposed sub-structuring approach and FEM.



Fig. 13. SRI of the AMS in Fig. 9: (a) prediction using the proposed approach and FEM below 500 Hz; (b) prediction using the proposed approach up to
2000 Hz and 1/3 octave band SRI.
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l¼0.1 m, can provide broadband control of sound waves whose frequencies are in the range of c l0.2 /0 to c l0.5 /0 .

3.3. Other unit cell configurations

For comparison, two more cases with unit cell made of other acoustic elements are studied. As shown in Fig. 14(a), a
straight air duct is considered in a unit cell with the same dimension as the above case. The straight duct has a cross-section
of 0.06�0.06 m and a length of l¼0.1 m, with all the other part of the unit cell being assumed as rigid. The cut-off frequency
of the duct is around 3000 Hz, which means that only plane wave can propagate in it below 2000 Hz. This allows the four-
pole parameter to be derived analytically as:
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where l is the length of the straight duct. In another case, Fig. 14(b), the unit cell is changed to a simple expansion chamber.
The unit cell dimension and the opening size are kept as the same. Since the interested frequency exceeds the cut-off
frequency of the chamber, FEM model is used to derive the four-pole parameters, which takes into account the higher-order
modes effect.

In Fig. 15(a) and (b), the SRI results predicted using the proposed sub-structuring approach for the above two cases are
presented. For the straight duct case in Fig. 14(a), it can be seen that the 1/3 octave band SRI is typically low, in the range of
10–15 dB, and shows dome-like behavior. The attenuation can be explained by the area change between the aperture and
the unit cell, causing part of the incident energy to reflect back. The attenuation peak and dip appeared at around 650 Hz
and 1300 Hz is due to the duct axial mode, where the wavelength is a quarter and half of the duct length. =f c L/4peak eff0 and

=f c L/2dip eff0 , respectively. The effective duct length can be estimated by = +L l h0.5eff , where h is the height of the unit cell

opening [28]. As for the expansion chamber case in Fig. 15(b), the SRI shows a broad attenuation effect from 500 Hz to
2000 Hz. Since the aspect ratio of the expansion chamber (l/H, l¼0.1 m, H is the chamber height H¼0.2 m) is small, the
repeating dome behavior in the transmission loss disappears since the length of the resonator is not sufficient for the
higher-order modes to decay. The unit cell therefore behaves like a cavity resonator [34].

The SRI responses of the three cases as investigated above are summarized and compared in Fig. 16. It can be seen that
the AMS provides the strongest attenuation near 1000 Hz, owing to the stop-band property of the unit cell. The straight duct
unit cell shows relatively flattened behavior, with SRI mainly determined by the ratio between the aperture area and the
Fig. 14. (a) Unit cell with a straight air duct in the center; (b) Unit cell in the shape of an expansion chamber.



Fig. 15. SRI of an array of unit cells. (a) straight duct as in Fig. 14(a); (b) expansion chamber as in Fig. 14(b).

Fig. 16. Comparison of the resultant SRI with different unit cell configurations.
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total surface area. The acoustically short expansion chamber shows a more broadband sound insulation. It can be anticipated
that the geometry, inner structure of a unit cell can be further tuned to suit particular applications with specific frequency
signatures, where the proposed approach can be employed as an efficient design and optimization tool.
4. Conclusions

This paper presents a theoretical investigation on the sound insulation of a type of acoustic metasurface, which is
constructed of tailored acoustic unit cells in a planar array. The sound insulation was studied in a standard configuration,
where acoustic excitation was generated by a diffuse sound source, and sound radiation into a receiving room was eval-
uated. A hybrid theoretical-numerical approach capable of handling acoustic predictions in the frequency range from 125 Hz
to 2000 Hz has been developed. The modeling was deterministic, sub-structure based. The unit cells constituting the AMS
were modeled using FEM to cope with complex geometries, which were assembled together to describe the surface
property. The acoustic fields in the adjacent rooms were expressed in terms of the normal acoustic modes to save the
computational cost. To facilitate the coupling treatment, subsystems were assembled based on their transfer function re-
lationships at the interfaces, where the pressure and the velocity conditions were matched over small surface elements
called “patches”. The computational cost was shown to be significantly reduced by enabling hybrid modeling methods for
the AMS and the adjacent acoustic domains.

One of the aims of this study was to investigate the feasibility of developing AMS with both sound attenuation and
ventilation ability. The unit cell configuration in the form of a waveguide loaded with periodic resonators, also forming an
air ventilation path, was considered. Theoretical analysis based on the unit cell first revealed the existence of acoustic stop-
band in the periodic structure, mainly due to accumulated scatterer resonance effect. The sound insulation for the AMS was
then evaluated, showing remarkable attenuation performance can be achieved in the stop-band frequency range. The study
could lead to interesting applications such as novel building façade and acoustic enclosure for practical noise control. The
attenuation band could be controlled by a number of factors, e.g., the configuration and geometry of the unit cell, resonance
and dissipation of the connected resonator, periodicity, arrangement of AMS, etc. The proposed approach could potentially
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address the need for better acoustic design and optimization.
The advantages are briefly summarized. First, the sub-structure framework allows using hybrid theoretical-numerical

methods to model a system. Significantly less CPU time has been demonstrated, which could play a vital role in future
optimization study. Secondly, the method by which the SRI was evaluated was standard, making it possible to conduct
comparisons between different designs and experimental results. Lastly, the proposed AMS treatment could lend itself to a
wide range of extensions from the present configurations, where the unit cells were simply kept as the same. For example,
unit cells having different phase response can be constructed to realize wave front modulation [10], or locally resonant
membranes can be combined to achieve deep subwavelength sound control [9]. The presented numerical tool provides a
flexible tool to study the acoustic performance of these configurations.
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