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For resonant-type meta-structures with finite dimensions and consisting of multiple units, their sound
absorption performance varies with the placement of the units. In order to reveal the physical mechanism
of this phenomenon and obtain the structural design rules to achieve optimal sound absorption perfor-
mance, the acoustic critical absorption effect is proposed in this paper. Based on this, a 50 mm thick
meta-structure is proposed, which obtains an average sound absorption performance of 70 % from
1000 Hz to 2800 Hz. Compared with a structure of the same size but without considering the acoustic
critical absorption effect, the sound absorption performance of the proposed meta-structure is increased
by 30 %. The high agreement between finite element simulations and experimental results verifies the
reliability of the conclusions. This work provides a potential avenue for enhancing noise reduction per-
formance and reducing the dimension of the structures.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Sound absorption as an effective noise control [1–2] has always
been one of the hotspots of acoustical research, and sound-
absorbing materials have received widespread attention. For
traditional materials such as porous materials [3–8], although
satisfactory absorption performance can be obtained for high-
frequency, they usually have a structural thickness equivalent to
the working wavelength, which hampers their potential applica-
tion in low-frequency. Micro-perforated panel [9–10] and
resonant-cavity type [11] structures enable efficient low frequency
sound absorption with small dimensions. However, the narrow-
band characteristic is an obstacle for practical applications, and
the dimensions needs to be further reduced. With ingenious struc-
tural design and special physical mechanisms[12], meta-structures
[13–15] can achieve a smaller size and better sound-absorbing
effect. Up to now, the researchers have proposed deep research
from multiple angles and obtained mainly-two types of meta-
structure: resonant-type meta-structures such as Helmholtz res-
onators [16], membrane-type meta-structures (MAMs)[17–23],
coiling-up meta-structures [24–27], and Bragg scattering type
meta-structures such as phononic metamaterials [28,29]. Among
them, resonant-type meta-structure has become one of the current
research interests for its low-frequency and efficient sound absorp-
tion performance in deep sub-wavelength dimensions. However,
the narrow-band characteristics of the local resonance mechanism
and limited structure size make it difficult to achieve broadband
sound-absorption performance.

In order to get over the hump of the narrow-band characteris-
tics of resonant-type meta-structures, two major ways are pro-
posed in general. One way is to combine resonant-type structure
and porous materials. Arjunan et al. [30] demonstrated a high-
efficiency sound absorber in the low to medium frequency range
by coupled micro-perforated panel with porous medium. Gao
et al. [31] proposed a composite porous metamaterial (CPM) con-
sisting in a porous polyurethane sponge with embedded multi-
layer I-plates to obtain satisfactory absorption performance within
6.4 kHz. The other way is to focus on the arrangement of the
absorption units, there can be divided into series-type and
parallel-type. For series-type arrangements [32–34], the usual
approach is to add a new unit in the vertical direction of the struc-
tural unit and increase a second-order peak while ensuring that the
first-order sound absorption peak is almost unchanged by adjust-
ing the acoustic impedance of the unit, to broaden the sound
absorption band of the structure. Although this method can
broaden the sound absorption frequency band, it significantly
increases the structure’s thickness. For parallel-type arrangements
[35,36], it is realized by utilizing the cooperative coupling between
the horizontally arranged units so that the sound absorption peak
generated by the units is strictly coupled to form a broadband
sound absorption effect. This method can broaden the absorption
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band without increasing the structure’s thickness. However, broad-
ening the absorption band depends on the number of units and the
degree of impedance matching for an acoustic structure with a lim-
ited size. Hence, there are high requirements for the arrangement
of the units and space utilization.

For obtaining optimal sound absorption with limited structural
dimensions, several works have been presented. Huang et al. [37]
proposed coherently coupled weak resonances and demonstrated
quasi-perfectly absorption performance with ultra-thin thickness
can be obtained by exerting the coherent coupling effect among
the imperfect components. Zhou et al. [38] presented the over-
damped recipe and the reduced excessive response recipe and
achieved the minimal thickness with satisfactory absorption per-
formance required by the causality constraint. Some works also
proposed new ideas to realize good absorption performance with
a sub-wavelength scale. Ding et al. [39] presented meta-liner with
metal foam achieves unanimously high-efficiency sound absorp-
tion from 800 Hz to 3200 Hz via a thin structure of 40 mm. Zhou
et al. [40] present a design of a low-frequency perfect acoustic
absorption metaporous composite with frequency tunability and
the insensitivity to the incident angle based on a critical coupling
mechanism. Gao et al. [41] used teaching–learning-based opti-
mization algorithm to optimize a composite absorber, which could
provide broadband sound absorption from 0 to 1.6 kHz. However,
the relationship between the sound absorption performance and
the unit arrangement has not attracted enough attention. In this
paper, we present the acoustic critical absorption effect to reveal
the general rule and the physical mechanism behind the optimal
sound absorption performance of resonant-type meta-structures
from the perspective of the unit layout. Moreover, based on the
cross-sectional area of the meta-structures, the problem of opti-
mizing the number of synergistic coupling units at different
absorption bands is also analyzed in detail. In doing so, under the
limited cross-sectional area of the meta-structure, by arranging
as many resonant acoustic absorption units as possible at optimal
locations in a parallel arrangement, instead of arranging multiple
resonant units in series, it is possible to achieve a significant reduc-
tion in thickness and at the same time obtain broadband efficient
acoustic performance.

The rest parts of the paper are organized as follows: section 2
employs the MPP model to describe the basic phenomenon and
physical mechanisms of the acoustic critical absorption effect,
and the finite element theory together with the modeling method
are analyzed; section 3 explores three aspects of a single unit, a
group of identical units and multiple groups of different units to
reveal the general rules for obtaining the optimal sound absorption
performance of the structure; section 4 gives a 24-unit meta-
structure constructed with multiple micro-perforated panel
(MPP) units and applied acoustic critical absorption effect is car-
ried out to obtain 70 % average absorption performance at
1000 Hz-2800 Hz with the structure diameter is only 50 mm,
which is 30 % improvement of absorption performance compared
with the structure with the same scale but not apply acoustic crit-
ical absorption effect. The high coincidence between finite element
simulation and experiment results verified the reliability of the
conclusion. Finally, some important conclusions are made in
section 5.
2. Description and calculation method of the acoustic critical
absorption effect

2.1. The description of the acoustic critical absorption effect

To illustrate the acoustic critical absorption effect clearly, Fig. 1
shows two models composed of three identical micro-perforated
2

panels (MPP) with back cavities but arranged in two different
ways. The arrows in Fig. 1denotes the arrangement direction of
the units. It is obvious that the units of model 1 are arranged in
a uniform way along the circumference, while model 2 is arranged
in a straight line along the structural radius, and the spacing
between the two units is 5 mm. The hole diameter, the thickness
of the perforated plate, perforation rate, and back cavity depth is
1 mm, 1 mm, 10 %, and 50 mm. The units in both models are per-
forated on one side. The other side is the bottom of the back cavity
which can be regarded as an acoustically hard boundary. The sche-
matic of the models is shown in Fig. 1. Noted that the absorption
coefficient of the designed unit satisfies the perfect sound absorp-
tion in its limited absorption area according to Maa’s formula [42].
The diameter of the incident area and the cross-sectional of the
unit are 50 mm and 7 mm, respectively.

Fig. 2 illustrates the sound absorption performance of model 1
and model 2. It is observed that even though the unit parameters
used in the two models are the same, the different arrangement
leads to the apparent difference in sound absorption coefficients
between the two models. In specific, model 1 produces a sound
absorption peak with a maximum sound absorption coefficient of
0.86 at 1470 Hz, recorded as P1, and its sound absorption coefficient
is significantly greater than the sound absorption peak P21, P22, and
P23 at 1400 Hz, 1450 Hz, and 1490 Hz generated by model 2.

Fig. 3 illustrates the surface relative acoustic impedance of
model 1 and model 2. It shows that the surface relative acoustic
reactance Im(z) of model 1 and model 2 crossed zero at 1400 Hz
and 1470 Hz respectively, which is just corresponds to the posi-
tions of sound absorption peaks P1 and P21 shown in Fig. 1. Further-
more, the surface relative acoustic resistance Re(z) of two models
at P1 and P21 are 0.81 and 0.66 respectively, which shows model
1 has smaller surface acoustic reflection than model 2, so more
sound energy is absorbed, resulting in better sound absorption
effect. Noted that compared with model 1, Re(z) and Im(z) of
model 2 produce two local valleys at the positions of P22 and P23,
so that the impedance matching characteristics at these two posi-
tions are better than those at other positions in the local area, thus
producing two absorption peaks as shown in Fig. 2. However, since
the Im(z) of these two is much larger than 0, their absorption coef-
ficients are weaker than P21. Moreover, the surface relative surface
acoustic impedance amplitude zj j corresponding to the three peaks
of model 2 gradually increases, which is related to the average
sound pressure pj j and average sound particle velocity vj j on the
surface of the structure.

In order to further investigate the acoustic critical absorption
effect and explain the sound absorption performance shown in
Fig. 2, Fig. 4 illustrates the distribution of the air particle velocity
of model 1 and model 2 at the location of their absorption peak
in the X-Y direction. The direction of the arrow indicates the veloc-
ity direction of the acoustic particle, and the length of the arrow
indicates the velocity magnitude. It shows that for P1 generated
by model 1, by evenly arranging the sound absorption units, the
incident sound particles can be evenly absorbed in the effective
sound absorption area of the units to achieve a smaller reflection
and higher sound absorption coefficient. For P21, P22, and P23 pro-
duced by model 2, it is clear that although the units of model 2
are the same as those of model 1, the effective sound absorption
area is different, and the effective sound absorption area decreases
with the increase of peak frequency. Furthermore, the amplitude of
the air particle velocity of model 2 decreases with the increase in
the frequency of absorption peaks. Thus, since the velocities of
the units in model 2 are weakened with the increase of the fre-
quency while the incident sound pressure is kept constant, the sur-
face relative impedance of model 2 will increase with increasing
frequency according to zj j ¼ pj j= vj j, which is coincidence with the
phenomenon shown in Fig. 3.



Fig. 2. Sound absorption performance of model 1 and model 2.

Fig. 3. The surface relative acoustic impedance of model 1 and model 2.

Fig. 1. Schematic of model 1 and model 2.
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In summary, the uniform arrangement of multiple identical
units can weaken the coupling between units and maximize the
effective absorption area, thus obtaining good acoustic perfor-
3

mance. This phenomenon of achieving optimal sound absorption
through the rational arrangement of multiple sound absorption
subunits is called the acoustic critical absorption effect. This effect



Fig. 4. The air particle velocity of model 1 and model 2 in the X-Y direction.
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aims to reveal the general rule of unit layout to achieve the optimal
sound absorption performance in the case of parallel arrangement
of units.

2.2. Modeling and finite element calculation

2.2.1. Geometrical model
The study is carried out by employing the commercial software

COMSOLMultiphysicsTM 5.5. The geometric model consists of three
parts, as shown in Fig. 5: The upper part is a cylinder as the sound
incident region with a diameter and length of 100 mm, and the
lower part of the model is a cylinder as a back cavity with a diam-
eter of 12 mm and a length of 100 mm. For micro-perforated pan-
els at the junction of two cylinders, the hole number, hole
diameter, thickness of perforated plate, perforation rate, and back
cavity depth are 16, 1.2 mm, 2 mm, and 3 %.

2.2.2. Boundary conditions and elements setting
Note that this work uses the ‘internal perforated plate’ option in

the ‘pressure acoustics’ module instead of the ‘thermal viscosity
acoustics’ module when calculating the perforated plate sound
absorption to reduce the calculation time. Therefore, the model’s
overall boundary conditions and elements setting are as follows:
The sound incident region and the back cavity are ‘pressure acous-
tic’ modules, and the side walls and bottom are set as ‘acoustically
hard boundaries.’ The top of the incident area is set with ’plane
wave radiation’ as the sound incident surface, the sound wave
direction is vertical downward, and the amplitude is 1 Pa. The
junction area of the incident area and the back cavity is set as an
‘internal perforated plate.’.
Fig. 5. Specific setting schematic of the unit.
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2.2.3. Post processing
Assuming that the incident plane wave passing along the z-axis

in the positive direction to the negative direction can be expressed
as:

p z; tð Þ ¼ piae
i xt�kzð Þ ð2Þ

where pia is the amplitude of the incident wave, k ¼ x
c0
is the wave

number. x and c0 represent angular frequency and sound velocity
of the air.

Then, the particle velocity is written by.

v z; tð Þ ¼ pia

q0c0
ei xt�kzð Þ ð3Þ

where q0 is the density of the air.
Suppose a sufficiently small volume element is taken in the

sound field with the mass, density, volume, and pressure being
m,q1, V1 and P1. As the disturbance of the sound wave makes the
volume of the element become V2, the density becomesq2, and
the pressure becomes P2, the pressure difference generated in this
process isp ¼ P1 � P2, and the kinetic and potential energy gained
by this volume element is.

Ek ¼ 1
2
q1V1ð Þv2

Ep ¼ 1
2
p V2 � V1ð Þ ¼ 1

2
p
q1 � q2

q1q2
m ð5Þ

It can be deduced from the equation of state of ideal medium
that.

dP ¼ c20dq ð6Þ
Then we can obtain that.

p ¼ q1 � q2ð Þc20 ð7Þ
Substitute Eq. (7) into Eq. (5), the potential energy of the ele-

ment can be rewritten as:

Ep ¼ 1
2

p2

q1c
2
0

V1 ð8Þ

The total sound energy can be obtained by adding Eq. (4) and
Eq. (8) together.

E ¼ 1
2
V1q1 v2 þ p2

q2
1c

2
0

� �
ð9Þ

The instantaneous value of the element sound energy can be
obtained by taking the real part of Eq. (2) and Eq. (3) into Eq. (9)

E ¼ V1
p2
ia

q1c
2
0

cos2 xt � kzð Þ ð10Þ

The average sound energy for a period of the element is
obtained as.
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E
�
¼ 1

T

Z T

0
V1

p2
ia

q1c
2
0

cos2 xt � kzð Þdt ð11Þ

where T ¼ 2p
x .

According to the definition, the average sound power density of
the element can be written as.

e ¼ p2
ia

2q1c
2
0

ð12Þ

The sound intensity of the element is.

I ¼ ec0 ¼ p2
ia

2q1c0
ð13Þ

Therefore, in the case where both the incident medium and the
transmission medium are air in the finite element calculation, the
incident, reflected, and transmitted sound energy can be expressed
as.

Ein ¼
ZZ

S1

pinj j2
2q0c0

dS ð14Þ
Eref ¼
ZZ

S1

p� pinj j2
2q0c0

dS ð15Þ
Eout ¼
ZZ

S2

pj j2
2q0c0

dS ð16Þ

where S1 and S2 are the cross section in the incident and transmis-
sion medium perpendicular to the direction of sound propagation,
respectively. pin is the incident complex sound pressure.

Therefore, the sound absorption coefficient and reflection coef-
ficient can be given as:

a ¼ 1� Eref

Ein
� Eout

Ein
ð17Þ
r ¼ Eref

Ein
ð18Þ

Thus, the incident sound energy, reflection sound energy and
sound absorption coefficient can be expressed as ‘intop1(abs
(pin)2)’, ‘intop1(abs(acpr.p_t-pin)2)’ and ‘(1- intop1(abs(pin)2)-
intop1(abs(acpr.p_t-pin)2))’ in COMSOL. ‘intop10 is the area fraction
of the top surface of the top cylinder, ‘acpr.p_t’ and ‘pin’ are sound
pressure at the integrating surface and incident sound pressure.
Fig. 6. Comparison of sound absorption results between the complex model using ther
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2.2.4. Mesh and calculation errors
In order to compare the accuracy of the results after using the

simplified model, Fig. 6 shows the sound absorption of the model
using the ‘thermal viscous module’ and the simplified model using
the coarse, conventional and refined mesh division. For the model
applied to the ‘thermal viscous module,’ the maximum size of the
mesh inside the small hole is di/6, and the minimum size is dv/2,
where di is the diameter of the small hole,dv ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2l=q0x
p

. Other
parts adopt conventional mesh division. Noted that since the trend
of sound absorption performance above 500 Hz is stable and tends
to 0, and the computational volume of the model increases signif-
icantly with the increase of frequency, in order to balance the com-
putational cost and model reliability, Fig. 6 gives the sound
absorption performance of models in the range of 300–1000 Hz.
Therefore, the elements of those cases are 112427, 548, 1508,
and 3630, respectively. It is clear from Fig. 6(a) that for the simpli-
fied models using ‘internal perforated panel,’ the difference
between the results of the simplified and complex models gradu-
ally decreases, but the difference is not significant. In order to
obtain the errors of the simplified models using the coarse, conven-
tional and refined mesh division, the error function is constructed
as:

error ¼
R f H
f L

asimp
� �acomp

�� �2

R f H
f L

acomp
�� �2 � 100% ð19Þ

where [fL, fH] is the frequency range, asimp
�

and acomp
�

is the average
sound absorption coefficient of the simplified model and the com-
plex model.

The errors of the simplified model using the coarse, conven-
tional and refined mesh division are 3.6 %, 3.5 %, and 2.5 %, respec-
tively. All of them are small enough. On the other hand, the
computing time of the complex model and the simplified model
using the coarse, conventional and refined mesh division are
18774 s, 74 s, 82 s, and 96 s, respectively. Therefore, considering
the computational error and computational time, the subsequent
finite element simulations are performed using a refined model
with conventional meshing predefined by the software.
3. Optimization of absorption performance based on acoustic
critical absorption effect

In order to obtain optimal sound absorption performance, the
absorption performance optimization is obtained from three
mal viscosity module and the simplified model using an internal perforated panel.
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aspects: the optimization of single unit, a group of identical units
and multiple groups of different units.
3.1. Optimization of single unit

For making the study more general, we set up case 1, where the
absorption peak is located at a relatively low frequency, and case 2,
where it is located at a relatively high frequency, and investigated
the effect of the placement of both on the absorption performance.
The structural parameters for the two cases are shown in Table 1,
in which S0, S, n, d, t, and H are incident area, cross-sectional area of
absorber, number of perforations, diameter of perforations, depth
of perforations and the depth of the back cavity.

In order to describe the overall sound absorption performance
of the structure in the investigated frequency range, the average
sound absorption coefficient is introduced and can be written as:
a
� ¼

PN
i¼1ai

N
ð20Þ
where N is the number of frequency points under investigation,
which can be expressed as (fH-fL)/s, where [fL, fH] is the frequency
range and s = 5 Hz is the step size of the finite element simulation.

Fig. 7 illustrates the variation of the average sound absorption
coefficient and position of the absorption peak with different
placements of the unit of case 1 and case 2. In both cases, it shows
that the closer the unit’s placement to the edge, the lower the loca-
tion of its peak absorption frequency. Furthermore, the movement
of the absorption peak is more pronounced in case 2 compared to
case 1 where the absorption peak locates on relative lower fre-
quency. Specifically, the absorption peak of case 1 moves from
1460 Hz to 1430 Hz when the unit moves from center to edge,
the similar circumstance occurs in case 2 which the absorption
peak moves from 1835 Hz to 1770 Hz. Another noteworthy phe-
nomenon is that the average absorption coefficient of both cases
is weakened with the unit moving to the edge of the structure.
Moreover, compared with case 1, the average absorption coeffi-
cient of case 2 is more obviously affected by the placement of
the unit.

Fig. 7(b) shows the sound absorption performance with the sur-
face relative acoustic impedance of case 1 when the unit is
arranged at the center and the edge of the structure. Compared
to the cell arranged at the edge, when the unit is placed at the cen-
ter, the surface relative acoustic reactance Im(z) crosses 0 at higher
frequencies, and the surface relative acoustic resistance Re(z) is
closer to 1. Thus, the peak generated by the local resonance gener-
ates a relatively higher absorption coefficient and frequency range.
Fig. 7(c) illustrates a similar tendency to Fig. 7(b). For case 2, since
the surface’s relative acoustic impedance change is more evident
than that in case 1, with the unit arranged from center to edge,
the absorption performance changes more dramatically, and the
absorption coefficient of absorption peak sharply decreased from
0.96 to 0.6.

Therefore, for a one-unit arrangement, the frequency of absorp-
tion peak and the sound absorption coefficient increase with the
unit closer to the center of the structure. This phenomenon
becomes more and more evident as the frequency increases.
Table 1
Structural parameters of the two cases used in calculation.

Case S0(mm2) S(mm2) n

Case 1 100 36 42
Case 2 100 36 42

6

3.2. Optimization of a group of identical units

Then, the optimization of a group of identical units is investi-
gated. We still set the absorption units to the two cases shown
in Table 1 and increase the number of units at equal distances
along the diameter of the structure to reveal the effect of the num-
ber of absorption units with the same parameters on the sound
absorption performance of the structure.

Fig. 8 illustrates the sound absorption performances with differ-
ent quantities of units in case 1 and case 2. Fig. 8(a) shows the
average absorption coefficient and location of absorption peak
with different quantities of units in case 1 and case 2. It is obvious
that the location of the absorption peak moves to a higher fre-
quency with the increase of the number of units in both cases,
and this tendency is more significant in case 2 than in case 1.
Specifically, with the unit number increasing from 1 to 4, the loca-
tion of the absorption peak moves from 1435 Hz to 1465 Hz. In
contrast, the absorption peak changes from 1775 Hz to 1845 Hz,
which indicates that the higher the sound absorption frequency
range of the structure, the more sensitive the sound absorption
performance is to changes in the number of units. On the other

hand, with the increase in the number of units, a
�
increases first

and then decreases and reaches the maximum when the number
of units is 3 in both cases.

Fig. 8(b) illustrates the sound absorption performance and sur-
face relative impedance of case 2 when the number of units is two,
three, and four. It is shown that when the number of the units is
two and three, there are double absorption peaks, while the num-
ber of the absorption peak becomes only one again when the num-
ber of units is four. From the surface relative impedance curve, it
can be seen that when the number of units is two and three, for
Im(z), each of them have a point crossed zero and the other point
close to zero, therefore generating two resonant-type absorption
peaks. Furthermore, since the Re(z) at their points are different,
the degree of sound energy reflected on the surface of the structure
is also different, the closer Re(z) is to 1, the less sound energy
reflected by the structure, the better the sound absorption
performance.

In order to describe the sound absorption phenomenon more
clearly, Fig. 9 illustrates the air particle velocity with different units
in case 2. As shown in Fig. 9(a), at the first absorption peak, the unit
close to the edge absorbs more sound energy, while both units play
a role at the second peak. Furthermore, the structure absorbs more
sound energy at the second sound absorption peak, so the sound
absorption performance produced by the structure at the second
peak is better. A similar circumstance occurs when the number
of units is three, as shown in Fig. 9(b). The absorption performance
at the second peak is almost perfect since almost all the units
absorb the sound energy.

After investigating the influence of the number in a group of
units on sound absorption performance, the effect of the arrange-
ment of a group of units on sound absorption performance will
be studied. We place the three units in the position shown in
Fig. 10 and draw the average sound absorption coefficient and
the position of sound absorption peak in different arrangements
ways in the two cases. It is clear that with the change of the
arrangement ways, the average absorption coefficient in case 2
changes more significantly than in case 1. Furthermore, among
d(mm) t(mm) H(mm)

1 1 50
1 1 38



Fig. 7. Sound absorption performance with different positions of the unit. (a) average absorption performances and location of absorption peaks of case 1 and case 2 when the
unit is arranged at the center an edge of the structure; (b) sound absorption coefficient and surface relative acoustic impedance of case 1; (c) sound absorption coefficient and
surface relative acoustic impedance of case 2.
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the four arrangements, the first way of unit arrangement as in
Fig. 10, i.e., close arrangement along one side of the radius direc-
tion, has the worst sound absorption performance. In contrast,
the other three ways of uniform arrangement have a better effect.
This phenomenon can be attributed to the unit’s effective sound
absorption area, as Fig. 4 shows. Because the uniform arrangement
of the units can have a larger effective sound absorption area than
the centralized arrangement of the units, it can absorb more sound
energy and thus have better sound absorption performance.

In summary, the sound absorption performance of multiple
absorption units in the uniform arrangement is better than that
in a close arrangement, which becomes more evident with the
increased sound-absorbing frequency. In addition, in the form of
uniform arrangement, the effect of uniform arrangement in the cir-
cumferential direction is better than that of uniform arrangement
in the radial direction.

3.3. Optimization of multiple groups of different units

For multiple groups of different units, we set three groups, each
consisting of three identical units evenly arranged along the cir-
7

cumference. The specific parameters of each group are shown in
Table 2, in which S0, S, n, d, t and H are the incident area, the
cross-sectional area of the absorber, number of perforations, the
diameter of perforations, depth of perforations and the depth of
the back cavity.

Fig. 11 illustrates the sound absorption performance with mul-
tiple groups of different units. Since there are three groups of units
with different structural parameters, three peaks are generated, as
shown in the figure for P1, P2, and P3, which are generated by the
first, second, and third groups, respectively. There are three cases
depending on the radial arrangement of the units along the struc-
ture. Case 1 denotes when the three groups of sound-absorbing
units are arranged in the radius direction from outside to inside
as group 1, group 3, and group 2. Case 2 denotes when the three
groups of sound-absorbing units are arranged in the radius direc-
tion from outside to inside as group 2, group 1, and group 3. Case
3 denotes when the three groups of sound-absorbing units are
arranged in the radius direction from outside to inside as group
3, group 2, and group 1. The solid blue line, the dashed red line,
and the dotted green line represent the sound absorption perfor-
mance of case1, case 2, and case 3. It is shown that the solid blue



Fig. 8. Sound absorption performance with the different number of units. (a) average absorption performances and location of absorption peaks of case 1 and case 2 when the
unit is arranged at the center an edge of the structure; (b) sound absorption coefficient and surface relative acoustic impedance of case 2.
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Fig. 9. The air particle velocity with different number of units. (a) Case 2 with 2
units; (b) Case 2 with 3 units.
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line has the highest average absorption coefficient. Therefore, rela-
tively good absorption performance is obtained by arranging the
units that produce low-frequency absorption peaks outside the
structure and those that produce high-frequency absorption peaks
on the middle side. Furthermore, it can be seen that the alignment
of the unit combination is different, resulting in a slightly different
location of the absorption peak. This difference becomes more and
more evident as the frequency of the absorption peak increases.

Therefore, the units with lower peak absorption frequencies
should be arranged on both sides of the acoustic structure to obtain
satisfactory sound absorption performance. The units with higher
peak absorption frequencies should be arranged in the middle of
the acoustic structure.
Fig. 10. Sound absorption performance wi
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4. Experiment and discussion

4.1. Experimental set up

In order to verify the correctness of the acoustic critical absorp-
tion effect and obtain broadband high-efficiency sound absorption
performance, Fig. 12 illustrates the schematic of 4 meta-structures
used in the experiment. Case 1 and case 2 are two meta-structures
composed of 24 units. The specific parameters of the units used in
case 1 and case 2 are listed in Table 3 and 4. L, R, n, d, t, and H are
the side length of the absorber, the radius of the absorber, number
of perforations, the diameter of perforations, depth of perforations,
and the depth of the back cavity. Case 3 and case 4 are two meta-
structures with 6-unit. The specific parameters of the units used in
case 1 and case 2 are listed in Table 5 and 6.

It should be highlighted that in case 1 and case 3, each group of
units was arranged evenly, and the units of different groups were
arranged according to the frequency of their absorption peaks.
Specifically, the group producing high-frequency peaks was
arranged in the middle of the structure, and the groups producing
low and medium frequencies were arranged on the inner and outer
sides of the structure. In case 2 and case 4, the units of the same
group are arranged in a tight arrangement, and the units of differ-
ent groups are arranged next to each other. The horizontal distance
between each unit is 5 mm, and the longitudinal distance is
10 mm.

Fig. 13 illustrates the four meta-structures used in the experi-
ment. All samples are made by 3D printing. The material of sam-
ples is photopolymer. The wiiboox light two pro is applied as the
3D printer. The specific settings of the main parameters are as fol-
lows: The perforated panel part of all samples has a layer thickness
of 0.1 mm, and the lifting distance, lifting speed, and retraction
speed of the z-axis are 0.2 mm, 0.2 mm/s, and 0.2 mm/s, respec-
tively. The rest of the samples have a thickness of 0.2 mm per layer,
and the lifting distance, lifting speed, and retraction speed of the z-
axis is 1 mm, 1 mm/s and 1 mm/s, respectively. The diameter and
the thickness of case 1 and case 2 are 99 mm and 50 mm. The side
length and thickness of case 3 and case 4 are 49.5 mm and 35 mm.

The main purpose of designing two groups of samples (group 1
contains case 1 and case 2, group 2 contains case 3 and case 4) are
as follows: first, to verify that the application of the acoustic critical
absorption effect can enhance the broadband efficient sound
absorption performance without changing the dimensions of the
th different arrangement of the units.



Table 2
Structural parameters of the three groups used in calculation.

Group S0(mm2) S(mm2) n d(mm) t(mm) H(mm)

Group 1 100 36 12 1 1 37
Group 2 100 36 12 1 1 23
Group 3 100 36 12 1 1 14

Table 3
Structural parameters of the units in case 1.

No. R(mm2) n d(mm) t(mm) H(mm)

1,3,5 8 16 1 1 14.5
2,4,6 8 16 1 1 12
7,13,19 6 12 1 1 50
10,16,22 6 12 1 1 44
9,15,21 6 12 1 1 37
12,18,24 6 9 1 1 31
11,17,23 6 16 1 1 27
8,14,20 6 16 1 1 23
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meta-structure; second, to verify that the significance of the acous-
tic critical absorption effect increases with increasing frequency;
and finally, to verify the generality of the acoustic critical absorp-
tion effect, i.e., it is applicable to structures with different cross-
sectional shapes.

Fig. 14 illustrates the sound impedance tubes for obtaining the
sound absorption coefficient of samples. Fig. 14(a) shows the B&K
type-4206 impedance tube system. The diameter of the impedance
tube is 100 mm, and the cut-off frequency is 1600 Hz. Fig. 14(b)
shows the square impedance tube system. The side length of the
impedance tube is 50 mm, and the cut-off frequency is 3200 Hz.
The actuator is driven by a power amplifier (B＆K 2716) that
amplifies the sweep signal produced by the D/A converter (B&K
3560-C). An A/D converter acquires hydrophones signals. A B&K
Pulse Lab shop program controls both A/D and D/A processes.
Fig. 11. Sound absorption performance w

Fig. 12. Schematic of two cases of meta-structures. The arrangement of case 1 and case 3
4 without considering the acoustic critical absorption effect.

10
The construction of the two impedance tube test platforms and
the test process are carried out by ISO 10534-2:1998(E) [43], and
the accuracy of the sound tube test results has been verified in
the previous works [32,44]. Note that both samples’ sound absorp-
tion performance is applied by the two microphones transfer func-
tion method. The two microphones behind the sample are not used
in this experiment. The primary purpose of being placed on the
acoustic tube is to keep the microphone mounting holes sealed
to avoid sound leakage and to keep the inner surface of the sound
pipe smooth. In the experiment, due to the limitation of structural
size, case 1 and case 2 are measured by the impedance tube shown
ith multiple groups of different units.

considered the acoustic critical absorption effect; the arrangement of case 2 and case



Table 4
Structural parameters of the units in case 2.

No. R(mm2) n d(mm) t(mm) H(mm)

1,2,3 8 16 1 1 14.5
4,5,6 8 16 1 1 12
7,8,9 6 12 1 1 50
10,11,12 6 12 1 1 44
13,14,15 6 12 1 1 37
16,17,18 6 9 1 1 31
19,20,21 6 16 1 1 27
22,23,24 6 16 1 1 23

Table 5
Structural parameters of the units in case 3.

No. L(mm2) n d(mm) t(mm) H(mm)

1,3,5 10 16 1 1 25
2,4,6 10 16 1 1 30

Table 6
Structural parameters of the units in case 4.

No. L(mm2) n d(mm) t(mm) H(mm)

1,2,3 10 16 1 1 25
4,5,6 10 16 1 1 30

Fig. 13. Pictures of meta-structures used in the experiment.

Fig. 14. Sound impedance tube test platform. (a) B&K type-4206
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in Fig. 14 (a), and case 3 and case 4 are measured by the impedance
tube shown in Fig. 14 (b). In order to prevent sound leakage, the
dimensions of the samples closely fit the inner diameter of the
impedance tubes, with an error of 1 %. Furthermore, the gaps
between the samples and impedance tubes are sealed with acous-
tic insulation rubber to ensure maximum fit and minimum sound
leakage from the samples.

Note that since the cut-off frequency of the impedance tube
shown in Fig. 14(a) is 1600 Hz, the sound absorption performance
of case 1 and case 2 after 1600 Hz may not be accurately measured.
In order to verify the sound absorption performance of case 1 and
case 2 from 1600 Hz to 2800 Hz, we designed the sound absorption
experiment in the anechoic room. The schematic diagram of the
experiment platform is shown in Fig. 15. The sample baffle is
placed on the experimental platform. The loudspeaker is placed
1 m in front of the center of the sample. The loudspeaker gradually
emits a sweeping signal, and microphones record the sound pres-
sure levels at different frequencies at 0.1 m, 0.15 m, and 0.2 m in
front of the sample; then, the sample is reversed. The sound waves
are directly incident to the surface of the baffle, which can be
regarded as an absolute hard boundary at this time. The sound
pressure level at the same position is recorded; finally, according
to the sound pressure level of the two measurements, the sound
absorption performance of the metamaterial sample can be
obtained indirectly. Then, combining the results of 1000 Hz-
1600 Hz tested by impedance tube with the results of 1600 Hz-
2800 Hz measured by the anechoic chamber, we get the sound
absorption performance of case 1 and case 2 from 1000 Hz to
2800 Hz.

4.2. Results and discussions

Fig. 16 illustrates the sound absorption performance of 4 meta-
structures. Fig. 16(a) shows the sound absorption performance of
case 1 and case 2 from 1000 to 2800 Hz. The experiment results
obtained by the impedance tube experiment are in good agree-
ment with the finite element simulation results in the range of
1000 Hz-1600 Hz, which verifies the correctness of the results. In
the frequency band greater than 2000 Hz, the sound absorption
performance of the meta-structures is obtained by an anechoic
room experiment. Although there are some differences between
the finite element simulation results and experiment results, the
trend of the experiment results of the sound absorption perfor-
mance in the two cases is consistent with the trend of the finite
element simulation results. The difference can be attributed to
the processing error of the sample and the interference of reflected
sound waves from the test desk. It can be observed that both cases
produced 8 absorption peaks, corresponding to the 8 groups of
impedance tube system; (b) square impedance tube system.



Fig. 15. Schematic of anechoic room experimental platform.
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absorption units in Table 3 and Table 4, respectively. Moreover,
compared with the sound absorption performance of case 2, where
the acoustic critical effect is not considered in the structural
Fig. 16. Sound absorption performance of 4 meta-structures. (a) sound absorption perfor
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design, the sound absorption performance of case 1 is significantly
better. Specifically, in the frequency range of 1200 Hz-2600 Hz, the
sound absorption performance of case 1 is 30 % higher than that of
case 2, and the difference between the two cases becomes more
obvious after 2000 Hz.

In order to obtain a more accurate sound absorption perfor-
mance in the high-frequency range, Fig. 16(b) provides the sound
absorption coefficient of case 3 and case 4 obtained by the square
impedance tube experiment. The difference between the theoret-
ical results and the experimental results is caused by the process-
ing error in the 3D printing process of the samples. The sound
absorption coefficient of case 3, which considered acoustic criti-
cal absorption effect and applied uniform arrangement is higher
than that of case 4. This phenomenon demonstrates the signifi-
cance of the acoustic critical absorption effect on the high-
frequency band and the optimization of the structural absorption
performance. Furthermore, comparing Fig. 16(a) and 16(b) can
see that the influence of acoustic critical sound absorption effect
is reduced, which can be seen from the increase of sound absorp-
tion coefficient shown in the two figures. This is attributed to the
reduction of the sound incident area. Therefore, the acoustic crit-
ical absorption effect has greater influence on sound absorption
structure with larger cross-sectional area and wider frequency
range.
mance of case 1 and case 2; (b) sound absorption performance of case 3 and case 4.
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4.3. Research implications and prospects

Firstly, from the mechanism perspective, the purpose of design-
ing the frequency band of the structure as 1000–2800 Hz in this
paper is to highlight the acoustic critical absorption effect rather
than only play a role in the high-frequency band. This idea also
supports the structural design of low-frequency sound absorption
with a thickness of 50 mm.

Secondly, from the technology perspective, the mechanism pro-
posed in this paper can be applied to micro-perforated panels and
other resonant-type structures, so it has strong realizability and
stability in structure preparation technology. However, some foam
materials have high preparation technology requirements and
great performance uncertainty.

Thirdly, from the application perspective, although many types
of foams with 50 mm thickness can provide the same sound
absorption performance or even better, they still have some limita-
tions, such as unstable performance at high temperature, high
pressure, and after prolonged use. The high production price is also
a disadvantage limiting its application. Our work can complement
the limitations of foam and has engineering application value.

Finally, since the acoustic critical absorption effect has a greater
impact on structures with larger cross-sectional area and wider
frequency range, this paper can provide a reliable guarantee for
the broadband efficient design of meta-absorbers with multiple
parallel arranged subunits.

5. Conclusions

This paper provides general guidance for optimizing sound
absorption performance of finite size resonant-type structures from
the perspective of unit layout. On this basis, both finite element cal-
culation and experiment results verified that the meta-structure with
24 units that applied the proposed rules could achieve a 30 % higher
average sound absorption coefficient than those not applied. For unit
arrangement of the structure, there are three main rules: firstly, the
effective sound absorption area of the resonant unit is a limited circle
area, and its diameter decreases with the resonance frequency
increase. When the sum of the influential sound absorption area of
the resonant units at its corresponding resonance frequency is equal
to the cross-sectional area of the meta-structure, the meta-structure
can achieve perfect sound absorption at this frequency; secondly,
when multiple units with the same resonant frequency are arranged
in parallel, the distance between them should be greater than or
equal to the effective sound absorption diameter. Thus, a peak with
a perfect absorption coefficient is obtained instead of several peaks
with low absorption coefficients; lastly, for multiple units with differ-
ent resonance frequencies, the units with lower resonance frequen-
cies should be arranged on the inner and outer sides of the
structure, and the units with higher resonance frequencies should
be arranged in the middle part of the structure. The results of this
paper can be directly applied to the design of meta-absorbers com-
posed bymultiple parallel arranged subunits, and has potential appli-
cations in architectural acoustics product design and vibration and
noise reduction of industrial equipment.
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