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We present a thin acoustic metamaterial absorber, comprised of only rigid metal and air, that gives

rise to near unity absorption of airborne sound on resonance. This simple, easily fabricated, robust

structure comprising a perforated metal plate separated from a rigid wall by a deeply subwavelength

channel of air is an ideal candidate for a sound absorbing panel. The strong absorption in the system

is attributed to the thermo-viscous losses arising from a sound wave guided between the plate and the

wall, defining the subwavelength channel. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4974487]

A perfect absorber, of deep subwavelength scale, is of

great interest to the scientific community and engineers alike

in their quest for attenuation of acoustic waves. In recent

years, acoustic metamaterials, structures patterned on a sub-

wavelength scale that exhibit novel properties not observed in

nature for the control of sound, have been the focus of

research interest. Pioneering work investigating these exotic

structures has led to new ideas and concepts for the attenua-

tion of low-frequency airborne sound, challenging the perfor-

mance of more traditional structures such as those utilising

fibrous or porous materials1 or micro-perforated panels.2

These novel structures that include membrane-type

acoustic metamaterials, which in general consist of an elastic

membrane supported by a rigid grid and “decorated” with

masses or rigid disks, have been shown to selectively absorb

low-frequency sound.3–8 Counterintuitively, Yang et al.3 dem-

onstrated that such a structure could break the mass-density

law of sound attenuation9 by a factor of 200, a consequence

of the structure’s effective negative dynamic mass characteris-

tics, arising from the multiple low-frequency vibrational

eigenmodes of the system. In a similar structure, Mei et al.8

reported almost unity absorption at certain frequencies, where

the structure was described to be acoustically “dark,” the min-

imal coupling of the flapping motion of the metal platelets to

radiative modes explained this behaviour. Further advances in

the field were reported by Ma et al.10 who experimentally

observed an extremely sharp absorption peak with an absorp-

tion coefficient >0.99 (implying a near-perfect impedance

match with air) attributable to the excitation of hybridised

resonances supported by an acoustic membrane-type

metasurface.

A two dimensional plate-type acoustic metamaterial,

consisting of a periodic arrangement of cylinders, composed

of a layer of tungsten and a layer of silicon, deposited on a

thin aluminium plate, has been presented as an experimental

realisation of an effective, yet not bulky, broadband acoustic

metamaterial for low-frequency sound attenuation.11 As a

result of the resonance of the cylinders, a broad band-gap is

observed in the transmission associated with the out-of-plane

plate modes, at frequencies where the wavelength in air

is approximately three orders of magnitude larger than the

plate thickness. Furthermore, an omni-directional broadband

acoustic absorber of airborne sound, the acoustic analogue

of the optical black-hole,12 has been demonstrated experi-

mentally.13 In this study, Climente et al. utilised a graded

index (GRIN) structure to guide the sound energy towards a

lossy core, where 80% of the impinging acoustic energy was

shown to be dissipated.

More recent advancements in the exploitation of acoustic

metamaterial structures to attenuate airborne sound include

the works of Christensen et al.,14,15 who explored anisotropic

porous lamella structures and how stochastic variations of

their effective parameters could lead to increased absorption

of sound. Established principles from the electromagnetic

domain have also been applied in the acoustic domain, for

instance, in the work of Wei et al.16 Here, the concept of

coherent perfect absorption (CPA), originally proposed in the

optical domain by Chong et al.17 as the time-reversed counter-

part of a laser that fully absorbs incoming coherent light with

a specific set of relative phases and intensities, is extended

into the domain of acoustic waves. A sound absorbing panel,

which utilises coiled cavities that act as Helmholtz resonant

chambers to reduce the thickness of the panel, has also been

proposed in the experimental study by Cai et al.18 Another

recent study demonstrates a metamaterial, comprising multi-

ple acoustic labyrinthine resonators and foam absorber, with

near-unity broadband sound absorption achieved by the inter-

action of evanescent fields with an absorber material.19

Here, we report the remarkable absorption properties, on

resonance, of an acoustic metamaterial structure of subwave-

length thickness that comprises a perforated plate, separated

from a rigid boundary by a deeply subwavelength narrow

channel of air. This simple, easily fabricated, robust structure

is an ideal candidate for a sound absorbing panel, character-

ised by an experimentally observed near 100% deep mini-

mum in specular reflectance at selective frequencies,

achieved through thermo-viscous loss and tuned by the air

channel thickness.

The experimental sample comprises two aluminium

plates, which are assumed to be perfectly rigid. The top platea)t.a.starkey@exeter.ac.uk
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of mean thickness L¼ 5.07 mm extends approximately

450.0 mm in both the x- and y- directions and is perforated

by a square array of open circular holes (pipes) with radius

r¼ 4.4 mm and pitch P¼ 16.5 mm. A photograph of this

plate is shown in Figure 1. The perforated plate is separated

from an untextured flat base plate by an air layer (narrow

channel) of thickness g. Experimentally, the separation of the

two plates, g, is achieved by uniformly distributing twelve

10.0 mm square Mylar
VR

spacers, of the desired thickness,

between the two plates. A schematic representation of the

structure’s unit cell is shown as an inset in Figure 1, where the

grey shaded geometry represents the sound hard material.

The near-normal incidence specular reflectance (reflec-

tance, R), from the entire panel as a function of frequency, for

different values of g, is obtained experimentally using a

pulse-measurement technique in a free-space environment.

The experimental set-up comprises an acoustic source (Scan-

Speak R3004/602010 tweeter) and a microphone (constructed

using an electret condenser microphone cartridge (Panasonic

WM-61A)), placed side by side, at the focal plane of a spheri-

cal aluminium mirror. The mirror collimates the beam, such

that a close to plane wave pressure field is incident near-

normal upon the sample. Upon set-up, the mirror is rotated

such that the reflected beam gives a maximum signal at the

microphone detector. An aperture, formed from the sound

absorbing material, surrounds the sample to reduce scattering

from the edge of the finite sample. In order to obtain the

reflectance from the sample, first the magnitude of the Fast

Fourier Transform (FFT) of the detected pulse with the sam-

ple present is normalised using the magnitude of the FFT of a

reference signal taken when the sample is replaced by a flat

rigid plate, and then the absolute value is squared. The experi-

mental data are directly compared to numerical simulations

obtained using COMSOL Multiphysics 5.2a (which simulates

the response of the structure to a normally incident plane

wave), and excellent agreement is shown. In the numerical

simulations, both viscous and thermal loss contributions are

considered due to their significant effect in narrow cavities,20

and literature values for the velocity of sound were used21 in

order to replicate the measurement environments.

It is important to notice that the diffraction edge, defined

by the sample pitch in the x- and y- directions, occurs at

�21 kHz. Therefore, in the frequency range considered here

(8–18 kHz), the sample is non-diffracting; and in the absence

of transmission through the sample all incident sound is either

reflected in the specular direction or attenuated (A ¼ 1� R).

Initially, the normal-incidence reflectance from the sam-

ple with no gap present between the two plates (g¼ 0), i.e., an

array of close-ended holes, is numerically modelled; a very

broad shallow (�11% deep) minimum in the reflectance is

observed at 12.6 kHz (pink dashed curve in Fig. 2). This mini-

mum corresponds to the frequency at which the lowest order

standing wave resonance is supported by each hole, i.e., where

the pressure field is maximum at the bottom of the hole and

zero close to the entrance of the hole (not shown). To compare

with these results, experimental data were obtained with no

spacers present between the two plates (blue solid curve in

Fig. 2). However, this shows a strong resonance, and best

agreement with these data is shown when a value of

g ¼ 60 lm is used in the simulations (blue dotted curve in

Fig. 2). This result is attributed to air gaps arising from the

flatness tolerance of the perforated plate above the rigid

boundary, which is caused during the fabrication process.

As the gap between the plates increases, the system moves

towards the optimum coupling condition (i.e., 100% deep mini-

mum in reflectance). When 50 lm thick polyester spacers are

placed between the two plates, a deep minimum in the specular

reflectance is observed (red solid curve in Fig. 2); at the reso-

nance, there is an approximate 9-fold reduction in the reflec-

tance from the sample, compared to that predicted when no gap

is present between the two plates. Note that excellent agree-

ment with the experimental data is obtained with a fitted value

of g ¼ 85 lm, as indicated by the red dotted curve in Figure 2.

The optimum coupling condition (i.e., 100% deep mini-

mum in reflectance) is achieved when the radiative and non-

radiative losses in the system are balanced. Upon introducing

a gap between the two plates, a narrow channel of air is

introduced that is bound largely by acoustically rigid walls,

FIG. 1. Photograph of the top perforated plate of the experimental sample.

Inset: schematic representation of the sample unit cell (not to scale) with

pitch, P. The plate perforations are pipes of radius r and length L. The thick-

ness of the channel of air, g, is defined as the separation of the two plates.

The co-ordinate system is shown.

FIG. 2. Measured (solid lines) and numerically modelled (dotted lines) nor-

mal incidence reflectance spectrum for different values of the thickness of

the channel of air between the two plates, g.
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at which the “no-slip” boundary forces the tangential particle

velocity to zero. This exerts a frictional shear force on the

overlying fluid and a viscous boundary layer is formed (of

characteristic length dv �
ffiffiffi
�
x

p
, where � is the coefficient of

shear viscosity). Simultaneously, thermal conduction allows

heat transfer to take place between the fluid (air) and the walls,

and a thermal boundary layer is formed (of characteristic

length dj �
ffiffiffi
j
x

p
, where j is the thermal conductivity).22 The

losses associated with these boundary layers (with thicknesses

on the order of tens of microns at these frequencies) are advan-

tageously used to tune the absorption in the system, by varying

the thickness of the gap between the two plates, such that a

close-to 100% deep minimum in reflectance can be obtained.

Two modes are resolved in the reflectance spectrum

upon further increasing the gap between the two plates; the

solid green and black curves in Figure 2 show the normal

incidence reflectance spectrum when spacers of thickness

100 lm and 250 lm, respectively, are placed between the

two plates. It can be seen from Figure 2 that the lowest fre-

quency resonance moves down in frequency with increasing

gap size, whilst the highest frequency resonance moves up in

frequency as g is increased. Numerical simulations reveal

that a value for g ¼ 135 lm (green dotted curve) gives best

agreement to the experimental data when spacers of thick-

ness 100 lm are placed between the two plates. A least

squares fit is used to determine that a simulated value of

g ¼ 265 lm (black dotted curve in Fig. 2) provides the best

agreement to the data when 250 lm thick spacers are used.

Simulated reflectance for increasing incident angle also

show that for each gap size considered, the spectral position

and absorption minima remain comparable before the onset

of diffraction (see Supplementary Material).

The numerical model is utilised to explore the pressure

field profiles on resonance, in order to gain a deeper under-

standing of the behaviour of the system. Figure 3 shows the

pressure field amplitudes, when g ¼ 265 lm, plotted in the xy-

plane at the mid-height of the channel of air between the two

plates and the xz-plane at the centre of the cavity, for both

reflectance minima. Figure 3 displays the distribution of the

pressure field amplitude for the lower frequency resonant

minima (9.8 kHz) and the higher frequency resonance (at

15.3 kHz), in the top and bottom schematic, respectively. It

can be seen that for the lowest frequency mode f1 (Fig. 3

(top)), strong fields (red regions) are localised within the gap

between the two plates, falling to zero along the length of the

hole, with a pressure minimum (indicated by blue regions)

observed close to the entrance of the hole, i.e., an approximate

quarter wavelength resonance is supported by the entire cavity.

For the higher frequency mode f2, as seen in Figure 3 (bottom),

two pressure nodes (blue regions) are observed in the resonant

fields, one within the gap between the two plates and one close

to the entrance of the hole, i.e., an approximate three-quarters

wavelength resonance is supported by the entire cavity.

Further insight into the behaviour of the system can be

obtained by examining the amplitude of the pressure field

within the channel of air between the plates, for different val-

ues of g. Figure 4 shows the amplitude of the pressure field,

evaluated along the intersection of the air gap mid-height xy-

plane with the mid-pipe xz-plane (planes depicted in Fig. 3

(inset)) for (a) g ¼ 265 lm, (b) g ¼ 135 lm, (c) g ¼ 85 lm,

and (d) g ¼ 60 lm. In Figures 4(a) and 4(b), the solid blue

and dotted blue curves correspond to the frequency of the

lowest (f1) and highest (f2) order resonances, respectively,

and the solid blue lines in Figures 4(c) and 4(d) indicate the

frequency of the single resonance supported by the structure.

The dashed lines indicate the position of the edge of the

pipe. Whilst it can be seen that for each resonance the maxi-

mum pressure fields are observed at the edge of the unit cell, a

minimum in the pressure field is observed close to the edge of

the pipe only for each of the higher order modes (blue dotted

curves Figs. 4(a) and 4(b)). This pressure minimum becomes

less pronounced as the gap is reduced, as f1 and f2 become

closer together in frequency. For the two smallest gap sizes,

FIG. 3. Pressure amplitude field profiles, for g ¼ 265 lm, plotted on the xy-

plane at the mid-height between the two plates (blue plane inset) and on the

xz-plane at the centre of the cavity (red plane inset). Top: lowest frequency

minimum in reflectance (9.8 kHz). Bottom: highest frequency minimum in

reflectance (15.3 kHz). Red regions correspond to high pressure field and

blue to zero pressure.

FIG. 4. Predicted pressure amplitudes evaluated along the intersection of

the xy- and xz- planes as shown in the inset in Fig. 3, for (a) g ¼ 265 lm, (b)

g ¼ 135 lm, (c) g ¼ 85 lm, and (d) g ¼ 60 lm. Pressure amplitudes for

frequency of the lowest (f1) and highest (f2) order resonances, respectively, in

(a) and (b) and the frequency of the single resonance supported by the structure

in (c) and (d). (Black dashed lines indicate the position of the edge of the pipe.)
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g ¼ 85 lm and g ¼ 60 lm, when only a single resonance

(reflectance minimum) is observed, the pressure field profiles

(Figs. 4(c) and 4(d)) have a mixed character of the two individ-

ual resonances observed for the larger gap sizes.

In conclusion, we report on the experimental investiga-

tion of an acoustic metamaterial structure for the attenuation

of low-frequency airborne sound, which comprises a perfo-

rated plate separated from a rigid boundary by a deeply sub-

wavelength narrow channel of air. The results obtained

demonstrate the ability to control the attenuation properties of

the system via the thickness of this channel, with near unity

absorption, experimentally observed as >99% deep reflec-

tance minima, reported for certain air gap sizes. The remark-

able increase in absorption, compared to when no gap is

present between the two plates, is attributed to the increase

in the non-radiative losses in the system due to the thermo-

viscous losses within the thin layer of air on the inner surfaces

of the subwavelength channel. Excellent agreement with

numerical simulations is shown. This simple, robust, and

easily fabricated structure, with easily tuneable absorption

properties, has potential for noise control applications. Sound

absorber panels designed incorporating a distribution of differ-

ent periodicities, air gap thicknesses, and textured base plates

maybe used to enhance losses across the frequency range to

realise broadband absorption using sound hard materials.

See supplementary material for numerical analysis of

reflectance as a function of incident angle.
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