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We propose a sound absorbing material efficient for low frequency. This material is mainly

composed of two axially coupled tubes in series, which are co-planarly coiled in a plane perpendicu-

lar to incident waves. By carefully designing the geometric parameters of the coupled tubes, we can

overlap the absorption coefficient curves of each individual tube and are therefore able to broaden

the frequency bandwidth within which the absorption coefficient is larger than a designed value. A

material with an absorption coefficient greater than 0.8 over a frequency bandwidth of 36 Hz for a

low frequency of around 100 Hz can be designed, and the wavelength to thickness ratio reaches as

high as 38.5. The experiment measurement with the sample made by the 3D printing technique is

also conducted to validate the proposed design method. This work may stimulate the research

studies on and applications for low frequency sound absorption. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984095]

Low-frequency sound absorption is a challenging prob-

lem in engineering due to weak sound energy dissipation

in the case of long wavelength.1 Traditional sound absorbing

materials (SAMs), such as porous materials, micro-

perforated plates, or sound absorption wedges, show poor

absorption performance for low frequency sound.2–10 To

enhance the coupling between sound and SAMs, different

methods have been proposed, such as graded porous mate-

rial, multilayered structure, or material microstructure

optimization.11,12 Sound absorption performance could be

improved to some extent using these methods; however, we

still encounter many difficulties in reducing the sample size.

A thin film metamaterial could stop low frequency

sound by reflection through negative mass effects,13,14 and

its sound absorption coefficient is however bound by a theo-

retical limit of 50%.15 By coupling a thin film with an air

cavity at resonant frequency, the thin film metamaterial is

able to consume a large amount of sound energy at a

designed frequency,14–20 but the sound absorption bandwidth

is narrow and limited only to the designed resonant

frequency.

In recent years, the method of coiling up space has been

proposed to achieve extreme acoustic properties by increas-

ing the sound path.21–25 When coiling up a quarter-wave

resonator in a plane perpendicular to incident waves, a sub-

wavelength sound absorption panel has been designed with a

total absorption at the resonant frequency.26,27 However, this

sound absorption material works only in a very narrow fre-

quency range around the designed resonant frequency. More

recently, a broadband sound absorbing structure is proposed

by varying the length of side resonators in parallel,28 the

operating wavelength to sample thickness ratio may

reach.13–17

Inspired by these works, we propose a different structure

of subwavelength scale, which has a good sound absorption

performance within an extremely low frequency range. The

basic idea is coiling up two axially coupled tubes in series

into a layer perpendicular to incident waves for reducing the

sample thickness. By carefully designing the geometry of the

two axially coupled tubes, we can overlap the absorption

curves of the individual tubes and broaden the frequency

bandwidth for sound absorption.

The proposed sound absorbing material consists of

designed unit cells, as illustrated in Fig. 1(a). The unit cell is

composed of a front panel, an intermediate layer, and a back

wall, as shown in Fig. 1(b). The thin front panel is equipped

with a cut-through pore of square or circular shape to let in

acoustic waves. The intermediate layer consists of two

axially coupled tubes in series coiled up in a plane perpen-

dicular to incident waves. The back wall is a thin back termi-

nal preventing sound leakage.

The frequency and bandwidth of the sound absorption

coefficient for the proposed material are closely related to

the geometric parameters of the two axially coupled tubes.

In the following, we assume the sound hard boundary

FIG. 1. (a) The sketch of the sound absorbing material with a designed unit

cell; (b) the make-up of the unit cell; (c) schematic of two straight axially

coupled tubes in series in analysis.a)Email: hugeng@bit.edu.cn
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between air and the solid material of the tube. The two spiral

axially coupled tubes are decoiled into a straight form in the

following analysis, as shown in Fig. 1(c). The diameter of

the small tube (labelled as tube 1) is noted by d1, while that

of the large tube (noted as tube 2) by d2. The lengths of the

small and large tubes are Lt1 and Lt2, respectively.

According to Ref. 1, the acoustic impedance at the con-

nection with tube 2 for the small tube (tube 1) backup with a

rigid wall is expressed by Z1 ¼ �jZc
1cotðk1Lt1Þ, where k1

¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeq1=Keq1

q
is the effective propagation constant of tube

1 and Zc
1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeq1Keq1

p
is its characteristic impedance. qeq1

and Keq1 are the effective density and the bulk modulus of

air in the hollow tube derived from the visco-thermal acous-

tic theory29–31 and given by

qeq1 ¼ q0=F #ð Þ; (1)

Keq1 ¼ cP0= c� c� 1ð ÞF #0=c
� �� �

; (2)

where q0, c, and P0 represent the density of air, the ratio of

specific heat, and the air pressure, respectively, and #
¼ l0=q0, and #0 ¼ j0=ðq0Cv0Þ, with l0, j0, and Cv0 denoting

the air viscosity, thermal conductivity, and heat capacity at a

constant volume, respectively. The function FðgÞ is

expressed by

F gð Þ ¼ 1� 4 �jx=gð Þ�1=2G d1 �jx=gð Þ1=2=2

h i
=d1; (3)

where the function G is defined by G n½ � ¼ J1ðnÞ=J0ðnÞ, with

J0 and J1 being the first kind of Bessel functions of zero and

first orders.

The surface impedance of tube 2 at the left entrance is

expressed by

Z2 ¼ Zc
1

�jZ11cot k2Lt2ð Þ þ Zc
1

Z11 � jZc
1cot k2Lt2ð Þ ; (4)

where Z11 ¼ Z1=/1 and /1 ¼ A1=A2, with A1 and A2 being

the cross-sectional areas of tube 1 and tube 2, respectively.

k2 is the effective propagation constant of tube 2, evaluated

using the same method as that of tube 1.

Analogously, the input impedance of sound for tube 2 can

be estimated as Zin ¼ Z2=/2; with /2 being defined as the

porosity of the unit cell. Finally, the sound absorption coeffi-

cient of the material is determined by a ¼ 1� jðZin � Zc0Þ=
ðZin þ Zc0Þj2, where Zc0 is the characteristic impedance of air.

It is seen that full absorption requires the impedance-match

condition between the material and air.26,27

The numerical simulation is also conducted using

COMSOL MultiphysicsTM with the Acoustic module to vali-

date the analytical model. A plane wave with a unit ampli-

tude impinges normally to the sample, and the sound hard

boundary is imposed on the interface between air and the

surface of the tube. In the computation, the cross-section of

the unit cell is circular with a diameter D of 30 mm. The

cross-sections of the two coupled tubes are squares with

equivalent diameters of d2¼12 mm and d1¼3 mm, respec-

tively, and their lengths are 860 mm and 857.5 mm, respec-

tively, which are selected for a designed frequency of around

hundred Hz. The equivalent diameter d used in the analytical

model is related to the side length of the square a used in the

computation and experiment by a2 ¼ pd2=4. A square pore

in the middle of the front panel connects tube 2 in the inter-

mediate layer [Fig. 1(b)]. In the analytical model and numer-

ical simulation, the thickness of the front panel and the back

wall is neglected. The absorption coefficient is determined

by a ¼ 1� jrj2, with r representing the complex reflection

coefficient.

Figure 2 shows the absorption coefficient of the pro-

posed panel with two absorption peaks designed at 81 Hz

and 106 Hz. The absorption coefficient of the sample is

greater than 0.8 over a frequency band of 36 Hz from 76 Hz

to 112 Hz. The total thickness of the system is 117.1 mm

which is only 1/38.5 of the wavelength at 76 Hz. The com-

parison of the absorption coefficient between the analytical

model and the simulation is also shown in Fig. 2, where a

good agreement is observed.

The experiment is also performed to further verify

the sound absorption capacity of the proposed material. A

sample of circular unit cell with a diameter of 100 mm is fab-

ricated by the 3D printing technique, and this size of the unit

cell is chosen to meet the measurement condition using a

B&K 4206T impedance tube.

In the experiment, the cross-sections of the tubes are of

square shape for easy fabrication, as shown in the inset in

Fig. 3. The geometric parameters of tube 1 and tube 2

are Lt1¼ 103 mm and d1¼ 2.68 mm and Lt2¼ 107 mm and

d2¼ 25.3 mm, respectively. The thickness of the front panel

and the back wall is 0.2 mm, and the total thickness of the

sample is 22.7 mm. With this geometry, the two absorption

peaks are designed at 734 Hz and 856 Hz, respectively. The

experimental result shows that the measured acoustic

absorption coefficient is greater than 0.8 over a frequency

band of 182 Hz from 708 Hz to 890 Hz with the wavelength

to thickness ratio of 21.3, and the sample is therefore on the

subwavelength scale. The experimental result agrees with

the predictions by both the analytical model and the numeri-

cal simulation. It is also noted that the frequency bandwidth

of the experiment is wider than that of the prediction and

the discrepancy between the measurement and the predic-

tion is large in a high frequency range. This is probably due

FIG. 2. Comparison between the analytical and numerical models on the

absorption coefficient of the circular panel as a function of frequency with

two resonant frequencies designed at 81 Hz and 106 Hz.
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to additional energy consummation by the rough surface

during 3D printing,32–34 which is not considered in the ana-

lytical model and the numerical simulation.

It is demonstrated that by coupling two axially connected

tubes, we can broaden the frequency range of high absorption

induced by resonances. It is interesting to examine the geom-

etry of the tube for achieving better sound absorption. In the

following, we set the size of the unit cell, the length, and the

diameter of tube 2 be fixed at D ¼ 100 mm, Lt2¼ 860 mm,

and d2¼ 32 mm, and examine the influence of the length and

the diameter of tube 1 on the sound absorption. Figure 4

shows the variation in the absorption coefficient as a function

of the normalized tube length lt ¼ Lt1=Lt2 and diameter

d ¼ d1=d2. It is seen that the absorption coefficient will be

greater than 0.9 when the length of the small tube varies from

0.89Lt2 to 0.99Lt2 and its diameter of the cross-section varies

from 0.23d2 to 0.3d2. Based on the result in Fig. 4, we can

find the optimized geometric parameters of the small tube

when those of the large tube are fixed.

In fact, there are five geometric parameters of the two

axially coupled tubes, D, d1, d2, Lt1, and Lt2, influencing the

sound absorption of the material. In the above simulation,

the size of the unit cell D ¼ 100 mm is fixed, which prevents

from further thickness reduction. We will set the lengths of

two tubes be fixed at Lt1 ¼ 857:5 mm and Lt2 ¼ 860 mm,

meaning that two absorption peaks are designed at around

100 Hz, and examine the influence of the normalized unit

cell size D0 ¼ D=Lt2 and diameters of the tubes d01 ¼ d1=Lt2

and d02 ¼ d2=Lt2 on the wavelength to thickness ratio and fre-

quency bandwidth for a given value of the minimum absorp-

tion coefficient (0.8) in the following computation.

Figure 5(a) shows the wavelength to thickness ratio as a

function of the unit cell size and the tube diameters. Here,

the wavelength to thickness ratio is defined by the wave-

length of the first absorption peak to the sample thickness.

As observed in Fig. 5(a), this ratio can be as high as 169.9;

however, the corresponding frequency bandwidth becomes

very narrow of only 5 Hz, as shown in Fig. 5(b).

Figure 5(b) shows the frequency bandwidth as a func-

tion of the normalized tube diameter and the unit cell size,

while the lengths of the tubes remain the same as those in

Fig. 5(a); the absorption coefficient is also set to be larger

than 0.8. It is seen that the frequency bandwidth of the

designed material can be as high as 36 Hz, and the corre-

sponding wavelength to thickness ratio is about 38.5, which

was examined in the above paragraph.

It is found from Figs. 5(a) and 5(b) that achieving good

sound absorption with a thin thickness and a large frequency

FIG. 3. Comparison between the measured and computed absorption coeffi-

cients for the proposed material with two resonant frequencies designed at

734 Hz and 856 Hz.

FIG. 4. Absorption coefficient as a function of the normalized length and the

diameter of the small tube designed for a targeted frequency of around

100 Hz.

FIG. 5. Wavelength to thickness ratio (a) and frequency bandwidth of the

material (b) as a function of the normalized unit cell size D0 ¼ D=Lt2 and

the diameters of tubes d01 ¼ d1=Lt2 and d02 ¼ d2=Lt2 designed for a targeted

frequency of around 100 Hz with a minimum absorption of 0.8.
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bandwidth simultaneously is difficult, which has been

recently demonstrated through the casualty principle.35 In

fact, in order to achieve a good sound absorption perfor-

mance, materials need enough cavity volume, a wider fre-

quency bandwidth, and a larger sample thickness. We should

consider the balance between the frequency bandwidth and

the wavelength-to-thickness ratio of the material for a tar-

geted application.

A sound absorbing material with a designed unit cell of

two axially coupled tubes connected in series has been pro-

posed. The axially coupled tubes are coiled in a plane to fur-

ther reduce the sample thickness. This material is shown to

be able to absorb low frequency sound energy with a rela-

tively large frequency bandwidth and thin thickness. The

influence of geometric parameters of the tubes on sound

absorption is also analyzed. By proper design, a material

with a wavelength to thickness ratio of 169.9 for sound of

hundred Hz can be designed. However, it is also found that a

compromise should be made among the absorption coeffi-

cient, bandwidth, and sample thickness at low frequency.

The result may provide insights into a new material design

for low frequency sound absorption.
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