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Conventional acoustic metamaterial barriers are usually used to realize sound insulation for a contin-
uous broad bandwidth. In some practical scenes, however, the noise signal from complex noise sources,
such as gearboxes and motors, are usually complicated spectra with discrete peaks or valleys, instead of
perfect continuous ones. In this case, the broadband design is unnecessary and may increase the thickness
of metamaterials if too many frequency components are included. We need only a customized spectrum to
achieve sound insulation at desired discrete frequencies, while, at other ones, insulation can be unwanted
to preserve an effective signal other than noise. Here, we propose a customizable acoustic metamate-
rial barrier (CAMB) with intelligent and selective sound insulation. The CAMB is a composite structure
consisting of a Helmholtz resonator (HR) and a microperforated panel (MPP) destined to control sound
insulation at low frequencies, within 200–1000 Hz, and high-frequencies, within 1000–3000 Hz, respec-
tively. An inverse process is proposed for customizable design. We use analytical and numerical methods
to obtain the design libraries for the parameters of the HRs and MPPs. We numerically and experimentally
demonstrate an example of a CAMB customized for a practical complex noise source. The sample has a
thickness of 48 mm, approximately λ/11 for the lowest targeted frequency. The proposed customizable
concept may pave the way for acoustic insulating metamaterials for complex sound sources with different
frequency components.

DOI: 10.1103/PhysRevApplied.18.064029

I. INTRODUCTION

Sound insulation [1,2] and sound absorption [3] are
two approaches for noise control and are also significant
and fundamental topics in acoustics. Conventional nat-
ural sound-absorbing materials, such as sound-absorbing
sponges, have reduced performance in the low-frequency
range. In comparison, acoustic metamaterials [4,5] and
metasurfaces [6] have improved performances, including
high efficiency and small thickness. Previous works have
used multiple resonant unit cells, such as Helmholtz res-
onators [7,8], Fabry-Perot tubes [9–12], and membranes
[13–17], or nonlocal coupling effects [18] to obtain a
broad bandwidth, the width of which is usually larger than
one octave. Additionally, they have also proposed ventila-
tion and sound-insulation structures [19,20] to deliberately
realize ventilation and sound-insulation simultaneously
[21–25].

In practical scenes, however, different noise sources may
result in a complex noise-frequency spectrum. For exam-
ple, the noise from a motor or gearbox usually has specific
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eigenfrequencies, which are determined by the engage-
ment of gears [26–28], leading to very high or low com-
ponents for single or discrete frequencies. Therefore, the
noise-frequency spectrum of a practical device is always
determinate instead of random. In this case, the broad-
band design is unnecessary and may increase the thickness
of a metamaterial if too many frequency components are
included. Different resonant frequency units in broadband
acoustic metamaterial designs may occupy extra space,
increasing the structural complexity and processing cost.

To solve these issues, we conceive an alternative strat-
egy by proposing the concept of a customizable acoustic
metamaterial barrier (CAMB) with intelligent and selec-
tive sound insulation. A CAMB is a composite struc-
ture consisting of a Helmholtz resonator (HR) [29] and
a microperforated panel (MPP) [30], corresponding to
controllable sound insulation for low frequency, within
200–1000 Hz, and high frequency, within 1000–3000 Hz,
respectively. An inverse process is used for customizable
design. We employ analytical and numerical methods to
achieve the design libraries for the parameters of the HRs
and MPPs. Different from a conventional single HR, we
study the coupling effects between multiple resonators and
their relevant geometric parameter dependences, which
may affect their acoustic impedances. We numerically and
experimentally demonstrate an example of a CAMB that is
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customized for a complex industrial-noise source. The fab-
ricated sample has a thickness of 48 mm, approximately
λ/11 for the lowest targeted frequency. The proposed cus-
tomizable concept could pave the way to acoustic metama-
terial insulation for different sound sources with complex
frequency components.

II. THEORY AND METHOD

A. Concept of a customizable acoustic metamaterial
barrier

A general design route for a CAMB is shown in Fig.
1(a). We first analyze the frequency spectrum for a tar-
get noise source and characterize it with multiple featured
frequency points. Featured frequency points include a
featured low-frequency peak (FLFP) and a featured high-
frequency valley (FHFV). Then, based on both the FLFP
and FHFV, we decide on the parameter selections for the
CAMB from design libraries. A CAMB can be designed
for various types of noise source with different frequency
characteristics, and the final target is to achieve intelli-
gent sound insulation with low transmission and a planar
frequency spectrum for transmitted waves.

Figures 1(b)–1(d) illustrate the structural schematic dia-
gram of a CAMB. The incident wave propagates into
the CAMB, consisting of HRs and a MPP. For low-
frequency manipulation, HRs are used as resonant unit
cells to achieve sound insulation at the targeted frequency
to manage FLFPs. For high-frequency sound insulation,
the MPP is a good candidate to manage the FHFV. The
detailed three-dimensional (3D) structure of the CAMB is
shown in Figs. 1(c) and 1(d). In the structural schematic
diagram, we show only the case of one HR with a light
disk-shaped geometry.

As shown in Figs. 1(c) and 1(d), the CAMB consists
of a MPP, back cavity, and HR, where the back cavity is
defined as the space between the MPP and HR [6]. Here,
the MPP with the back cavity is the high-frequency work-
ing area, while the HR is a low-frequency working area, as
marked by the dashed boxes. It is worth mentioning that
the number of HRs is not fixed (1, 2, 3. . . ) and determined
by the low-frequency characteristics of the incident noise.
For a better understanding of the acoustic performance of
each part, the equivalent circuit model of the CAMB is
displayed in Fig. 1(c). The MPP and the neck of the HR
exhibit acoustic resistance and acoustic mass characteris-
tics, respectively. The cavities of the HR exhibit acoustic
capacitance characteristics. We also consider the coupling
effect from the open region between the back cavity and
HRs, which can be extra acoustic mass.

The sectional view of the CAMB is shown in Fig. 1(d).
More details and the geometric properties of the CAMB
in Fig. 1(c) can be described by the diameter, dMPP, of the
holes of the MPP; the thickness, t, of the MPP; the side
length, H ; the perforation rate, σ = d2

MPP(n − 1)2/4H 2 (n

is the number of perforations on a single side); and D is
the depth of the back cavity. The light disk-shaped HR’s
geometric parameters are given in the figure and the inset.
R is the radius of the HR, d is the diameter of the open
region, rneck is the radius of the neck, W is the width of
the HR cavity, and Wneck is the width of the neck. The
HR’s cavity-wall thickness is 1 mm. Re in Fig. 1(d) is the
effective radius, an important parameter for calculating the
HR’s acoustic impedance, which is discussed later.

The sound-transmission loss (LST) is defined as
LST = −10 log10(T), where T is the transmission coefficient
of sound intensity. In our model, the LST is calculated by

LST = −10 log10

[(
2Z0σ

2Z0σ + ZMPP

)

×

⎛
⎜⎝ |ZHR|2(

Z0
2Sb

+ Re(ZHR)
)2

+ Im(ZHR)2

⎞
⎟⎠

⎤
⎥⎦ , (1)

where Z0 = ρ0c0 is the acoustic impedance of air, ρ0 =
1.21 kg/m3 is the mass density of air, and c0 = 343 m/s
is the sound speed in air. Sb = πd2/4 is the area of the
open region. ZMPP is the acoustic impedance of the MPP,
and ZHR is the acoustic impedance of the HR.

The small hole on the MPP can be regarded as a narrow
tube with a small diameter relative to the distance between
holes. The impedance of the MPP can be calculated as [30]

ZMPP = j ωρ0t

[
1 − 2

K
√−j

J1
(
K

√−j
)

J0
(
K

√−j
)
]−1

, (2)

where ω is the angular frequency, t is the thickness of the
MPP, μ = 1.983 × 10−5 Pa is the dynamic viscosity of air,
Jn is the nth order of the Bessel function of the first kind,
the K = dMPP

√
ωρ0/μ/2. The diameter of the holes affects

the impedance of the MPP and thermal dissipation.
During the interaction of incident waves with the HR,

the whole HR resonator can be treated as a spring-mass
oscillator system [29]. Rn is the acoustic resistance induced
by the effects of radiation and thermal viscosity and is
calculated by [31]

Rn ≈ 8l
πw3

n

√
2μωρ0 + 8

√
2μωρ0

πw2
n

+ 4ρ0c0

πw2
n

×
[

1 − 2J1(kwn)

kwn

]
, (3)

where wn is the equivalent radius and k = ω/c0 is the wave
number.

The acoustic capacitance and acoustic mass can jointly
determine the sound-insulation frequency of the HR. The
acoustic capacitance of the HR is CHR = V0/ρ0c2

0 and the
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(c)(a)

(d)

(b)

FIG. 1. Concept of a CAMB.
(a) General design route of a
CAMB. (b) Schematic diagram
of the CAMB. Arrows indicate
incident, reflected, and trans-
mitted waves. (c) 3D structure
and effective circuit model of
the CAMB. It consists of MPP,
back cavity, and HR. Case with
one HR is shown here. (d)
Sectional view of the CAMB in
(c) with t = 1 mm, H = 65 mm,
D = 10 mm, R = 48 mm,
d = 10 mm, rneck = 35 mm,
Wneck = 2 mm, W = 28 mm, and
dMPP = 1 mm. In the inset, Re
is the effective radius. Dashed
boxes (red, blue, and green)
indicate operating frequency
bands of the different parts in
(c),(d).

acoustic mass is MHR = ρ0L/S; V0 is the volume of the
HR cavity, L = rneck − d/2 is the length of the neck, and
S is the effective cross-section area of the neck. Differ-
ent from a conventional HR, the cross-section area in the
radial direction of the neck in this work is gradient vary-
ing. To get the relationship between the neck’s effective
cross-section area, S, and other geometric parameters, we
define an effective radius, Re, to estimate S, namely, S =
2π(Re + d/2)Wneck, as indicated in the inset of Fig. 1(d).

Then, the effective impedance of the HR is calcu-
lated by ZHR = j (ωMHR − 1/ωCHR) + Rn, and the reso-
nant frequency of the HR (corresponding to the FLFP) is
calculated as

j (ωMHR − 1/ωCHR) = 0. (4)

In the design, we change the length of the neck, L, to obtain
the Re value. Figure 2(a) shows the simulated results of the
CAMB. The peak frequencies of LST represent the resonant
frequencies of the HR for different L. Substituting into Eq.
(4), we can get different neck effective cross-section areas,
S, to calculate Re. Simulated values (red circles) and fitted
curve (blue line) for the effective radius, Re, changing with
L are shown in Fig. 2(b). The fitted curve is expressed as

Re = 0.2909L − 0.526L2. (5)

Furthermore, the HR’s volume parameters, W, He, and
the separation of the neck (Wneck), are investigated to ana-
lyze the effects of the geometric parameters on Re. We
define He as He = R − d/2. By changing W and He, the
volume of the HR cavity and resonant frequency also
change. It can be seen from Fig. 2(c) that the resonant
frequencies vary from 300 to 416 Hz. Interestingly, Re
is approximately stable and very close to the value at
L = 30 mm. A similar conclusion can also be drawn from
Figs. 2(e) and 2(f). Re values in Fig. 2(f) are slightly differ-
ent from the calculated Re. Therefore, Re is only affected
by L, and we can design HRs in the CAMB by changing
the parameter Re.

B. Numerical simulation and experimental
demonstration

To study the relationship between structural parameters
and the sound-insulation frequency, the CAMB is
numerically simulated by using the “Pressure Acoustics
Module” and the “Thermoviscous Acoustics Module”
in COMSOL Multiphysics and results are also verified
experimentally.

Figure 3(a) illustrates the analytical values based on
Eq. (4) and simulated results for the FLFP, in the low-
frequency range from 300 to 1000 Hz. Then, we conduct
research on low-frequency sound insulation at multiple fre-
quency points for the targeted FLFPs. The low-frequency
working area is divided into two independent parts (two
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(a) (b)

(c) (d)

(e) (f)
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FIG. 2. Design library of a single HR. (a) Simulation of LST for L. (b) Relationship between L; resonant frequency, fr; and effective
radius, Re. L = rneck − d/2. Other parameters are the same as in Fig. 1(d). (c) Simulation of LST for different volume parameters.
He = R − d/2. (d) Effective radius, Re, and resonant frequency, fr, for different volumes. V represents the volume of HR, which is
calculated based on W and He. (e) Simulation of LST for Wneck. (f) Effective radius, Re, and resonant frequency, fr, for Wneck.

flabellate HRs), and the circular sector angle, θ , as marked
in Fig. 3(b) should be lower than 180◦. By changing the
geometric parameters, Re, the resonant frequency of each
HR, is adjusted. Since the circumferential coverage angles
of the HR’s neck and cavity are the same, they can be

eliminated in the process of calculating the expression of
resonant frequency. The calculation method is the same as
that for a single cavity.

For parallel cavities, we assume the impedance of the
cavities as Z1 and Z2, so the wave equation can be
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(a)

(b)

(c)
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FIG. 3. Design of coupled HRs for low-frequency modulations. (a) Difference between analytical values calculated from Eq. (4) and
simulated ones. (b) Simulation of LST for different FLFPs. Inset is a schematic of the basic unit with two HRs. Circumferential coverage
angle, θ , is 175◦. Geometric parameters of HR 1 are the same as those in Fig. 1(d), and W of HR 2 is 11.3 mm. A, 292 Hz, coupled;
B, 480 Hz, coupled; C, 1400 Hz, coupled; D, 300 Hz, FLFP1 = 300 Hz; E, 1400 Hz, FLFP1 = 300 Hz; F, 500 Hz, FLFP2 = 500 Hz;
G, 1400 Hz, FLFP2 = 500 Hz. Le is the length of the open region between the MPP and HRs. (c) Acoustic-pressure-field distributions
correspond to the points in (b).

expressed as

∂2p(x, ω)

∂x2 +
[(

ω

c0

)2

+ j
(

Z0

Z1
+ Z0

Z2

)
ω

c0
δ(x − x0)

]

p(x, ω) = 0, (6)

where δ(x) is the Dirac function, and x0 is the position
of the HR resonator. Equation (6) reveals the nature of
low-frequency sound isolation. Each HR acts as a local
resonance unit coupling with radiation waves. The results
presented in Fig. 3(b) demonstrate the frequency shift and
Fano-like interference induced by the coupling resonance
[32]. The inset illustrates the inner structure of the meta-
material barrier, and the circumferential coverage angle, θ ,
is 175◦. The geometric parameters of HR 1 are the same as
those in Fig. 1(d), and the parameters of HR 2 are changed
for 500 Hz based on Eqs. (4) and (5) by adjusting only
W. The structure possesses an asymmetric LST valley, as
shown in Fig. 3(b), due to destructive interference based

on Fano-like interference. The coupling of two local reso-
nance units forms an antiresonance point, which achieves
low-frequency discrete sound insulation.

The acoustic-pressure-field distributions are shown in
Fig. 3(c), and the red color indicates the working parts at
these frequencies. The HR plays an important role in low-
frequency insulation for a targeted FLFP. In the coupled
case, HR 1 and HR 2 work for two different frequencies
(FLFPs). The sound-pressure-field distributions marked
by A–G correspond to points A–G in Fig. 3(b). A and
B demonstrate that HR 1 and HR 2 resonate at 292 and
480 Hz, respectively, for the coupled structure with tar-
geted FLFP1 = 300 Hz and targeted FLFP2 = 500 Hz. With
only one cavity, the simulated acoustic-pressure-field dis-
tribution exhibits a very similar resonant state, as shown
in D and F. The validity of the analytical derivations is
demonstrated for both single and multiple HR cases.

The high-frequency characteristics of the MPP (includ-
ing the back cavity) offer a stable high-frequency sound-
insulation bandwidth with LST higher than 20 dB, for both
cases of a single HR (D–G) and multiple HRs (A–C).
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(a)

(b)

(c)

(d)
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FIG. 4. Design library of the MPP and design of coupled composite structure for high-frequency modulations. (a) Analytical [cal-
culated with Eq. (7)] and FEM results of the FHFV for different δ of the MPP. (b) Simulation of LST of the FHFV for different δ. (c)
Simulated acoustic pressure field; A, FHFV1= 1040 Hz, δ = 6; B, 1400 Hz, δ = 6; C, FHFV2 = 1216 Hz, δ = 4; D, 1400 Hz, δ = 4.
(d) Axial-plane sectional view. Color illustrates the acoustic-pressure-field distribution corresponding to modes A–D in (b).

The thickness of the MPP is changed to modulate the
high-frequency behavior of metamaterial barriers. In the
general MPP, t and dMPP are important parameters that
determine the resonance frequency. Herein, we define a
parameter, δ = t/dMPP, to discuss the influence of t and
dMPP on the FHFV. dMPP is the same as before and t is
changed from 1 to 8 mm. Due to the existence of the
coupling effect, the open region between the MPP and
HRs can be regarded as extra acoustic mass, Me. Herein,
Me = ρ0Le/Sb, where Le is the length of the open region
between the MPP and HRs, shown in the inset of Fig. 3(b);
Sb is the same as in Eq. (1). Considering the structures
attached behind the MPP, we introduce a correction fac-
tor, ζ ∝ Me, to represent extra relative acoustic mass to
calculate the FHFV. For convenience, we use the relative
acoustic impedance by dividing with the term ρ0c0 from
Eq. (2). Then, the FHFV is determined by [30]

ωm + ζ − cot(ωD/c0) = 0, (7)

where m = M/ρ0c0 is the relative acoustic mass, ωm
is the relative acoustic mass reactance of MPP, and
cot(ωD/c0) is the relative acoustic reactance of the back
cavity. The FHFV of the CAMB is obtained by numerical
analysis and the finite-element method (FEM), respec-
tively. The results are shown in Fig. 4(a). The FHFV
decreases with the thickness of the MPP when D is
10 mm, and the agreement between analytical results and
the finite-element method proves the effectiveness of the
model, providing a theoretical foundation to manipulate
the FHFV.

Figure 4(b) shows the simulation results for different
MPP thicknesses. The MPP has little effect on the FLFP
at low frequencies, which ensures the decoupled modula-
tion between FHFV and FLFP of the CAMB. To further
analyze the valley effect, we display the acoustic-pressure-
field distribution for δ = 4 and 6 at the FHFV and 1400 Hz
in Fig. 4(c). Different from the performance at low fre-
quency, at high frequency, due to the existence of the
MPP, back cavity, and extra acoustic mass, it exhibits two
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FIG. 5. Experimental realization of a CAMB. (a) Analysis of a specific complex noise source. Spectrogram is measured by a sound-
level meter with a resolution of 1/3 octave. FLFP and FHFV are read from the spectrogram, as marked in the figure. FLFP1 = 630 Hz,
FLFP2 = 1000 Hz, and FHFV = 1250 Hz. (b) Photograph of the 3D printed sample. Sample front (left) and back (right) views and the
experimental setup. (c) Simulated and experimental LST within 200–1600 Hz. (d) Noise spectrum after sound insulation by the CAMB.

modes of reflection and radiation. Figure 4(d) shows the
axial-plane sectional view, and the red color implies high
acoustic pressure. At modes A and C, the highest acoustic
pressure close to 13.5 Pa (incidence is set as 1 Pa) appears
in the back cavity and penetrates through almost the entire
open region, displaying the radiation property. In modes
B and D, the pressure at the back cavity is at a low level,
and the pressure of the background-pressure field is greater
than A and C. This means that, at high frequencies, when
the MPP is not in resonance, the structure exhibits reflec-
tive properties. Based on the valley effect, we can control
the FHFV at high frequencies.

In the following study, we show the experimental real-
ization of the CAMB for a specific noise source, in which
the HR, MPP, and all geometry parameters jointly guaran-
tee selectivity and the sound-insulation performance. We
first measure the noise spectrum of specific equipment, as
shown in Fig. 5(a). The signal-collection equipment is a
Type-BSWA308 sound-level meter. From the 1/3 octave
curve, one reads the FLFPs and FHFV as FLFP1 = 630 Hz,

FLFP2 = 1000 Hz, and FHFV = 1250 Hz, as marked in
Fig. 5(a).

Then, the sample is designed and fabricated for targeted
FLFP1 = 630 Hz and targeted FLFP2 = 1000 Hz at low fre-
quency and targeted FHFV = 1250 Hz at high frequency.
We get the following structural parameters from the design
libraries. For MPP, dMPP = 2 mm, t = 11 mm, H = 65 mm,
D = 15 mm. In this case, δ is 5.5, and based on Eq. (7),
FHFV = 1250 Hz. For the HR, the geometric parame-
ters at FLFP = 630 Hz are R1 = 34 mm, rneck1 = 21 mm,
Wneck1 = 2 mm, and W1 = 17.4 mm. At FLFP = 1000 Hz,
R2 = 30 mm, rneck2 = 15 mm, Wneck2 = 2 mm, and W2 =
11.7 mm. d = 10 mm. Le is 10 mm, and the total thickness
of the CAMB is only 48 mm, approximately λ/11.

Figure 5(b) shows the experimental sample made of
acrylonitrile butadiene styrene via 3D printing. The sample
is measured in a lab-made impedance tube, as schemat-
ically shown in Fig. 5(b). The four-microphones method
[6] is adopted to measure the transmission loss of the
CAMB. Figure 5(c) shows a comparison of LST obtained
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by simulation and experiment. In the FEM, the simu-
lated FLFP1 = 600 Hz, FLFP2 = 924 Hz; moreover, FHFV
appears at 1340 Hz. The small errors between the sim-
ulated featured frequencies and the target ones are due
to slight coupling in the composite structure. The exper-
imental results are in good agreement with the simulation,
indicating the effectiveness of this CAMB sample. A fine
selectivity and sound insulation can be observed, which
demonstrates the fine performance of the CAMB. The
difference between simulation and experiment is mainly
induced by the error of sample fabrication.

Finally, to verify the actual selective sound-insulation
performance, we also measure the noise-frequency spec-
trum after sound insulation by the CAMB. We put the
sound-level meter and the sound source at the two ends
of the impedance tube for measurement. The noise signal
measured in Fig. 5(d) is relatively flat, which proves that
the CAMB has fine customizability for the noise signal in
Fig. 5(a), making the final signal balanced. The averaged
sound pressure level (LSP) for the noise source in Fig. 5(a)
is 59.8 dB, and the averaged LSP after noise insulation by
the CAMB in Fig. 5(d) is 50.3 dB. Thus, the averaged noise
insulation is 9.5 dB.

III. CONCLUSION

We conceptually conceive and design a CAMB based
on composite structures comprised of a MPP and a HR.
The proposed model is adapted by introducing the effec-
tive radius, Re, and a correction factor, ζ . For binary HRs,
the coupling effect between different parts that offer dis-
crete insulation points is studied. The MPP provides more
convenience for high-frequency noise control. Simulation
results demonstrate the tunability of the FLFP and FHFV,
and the bandwidth study in the Appendix A demonstrates
that FHFV manipulations can be raised to 3000 Hz. It is
worth mentioning that, compared with previous works, the
diverse parameters of the CAMB offer several degrees of
freedom to optimize device performance and tunability.
By suitably designing the geometry of the units, sound
waves can be controlled with proper frequency compo-
nents. The sample is designed with featured frequencies
at 630, 1000, and 1250 Hz. Simulated and experimental
results demonstrate the fine selectivity and sound insula-
tion within 200–1600 Hz of the designed structure with
a thickness of 48 mm (approximately λ/11 for the low-
est targeted frequency). Additionally, the controllable and
intelligent sound-insulation performance of the designed
metamaterial is further proved by collecting a specific
noise source and comparing the results before and after
using the CAMB. Our proposed CAMB may enlighten the
field of intelligent metamaterials and lead to noise-control
applications in different scenarios, such as industrial man-
ufacturing, vehicles, and architectural acoustics.

L
ST

FIG. 6. Simulated results of targeted FHFV at 1800 Hz (blue
line), 2100 Hz (red line), and 2400 Hz (yellow line) by
changing δ.
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APPENDIX A: BANDWIDTH STUDY

To further investigate the influence of the geometric
parameters on the bandwidth of the sound-insulation spec-
trum, we adjust δ of the sample in Fig. 5(b) to control the
FHFV without changing other parameters. The simulated
results are shown in Fig. 6. The results show that the high-
frequency design library for the MPP is raised to 3000 Hz.
According to the variation trend of the FHFV, it is obvi-
ous that we can enlarge the frequency range with a wider
bandwidth and unchanged thickness by fixing the Re and
W values and changing only the δ value. It also proves the
design flexibility of the CAMB.
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