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Helmholtz resonator (HR) has always been an important part of artificial sound-absorbing materials, most of
which however cannot be tuned in real time and hence have a limited scope of applications. In this work, we
integrate for the first time the soft hyperelastic material into the main structure of HR to design a star-shaped soft
Helmbholtz absorber. The soft HR exhibits different post-buckling deformation behavior when its wall-thickness
varies, which further yields different acoustic characteristics. By combining two star-shaped HRs with different
wall-thickness, we are able to achieve asymmetric sound absorption when specific and respective compression
loads are applied to the two HRs. In addition, high sound absorption at various frequencies can be obtained via
different combinations of the applied loads. Due to the perfect capability of reversible large deformation of soft
hyperelastic materials, the sound absorption of the proposed pair of HRs can be real-time tuned effectively by
mechanical loading and unloading. In other words, the acoustic switch controlled by mechanical load can be
realized. The proposed soft absorber has an obvious practical application value, and also provides an important
illustration for the design of soft and tunable acoustic devices.

1. Introduction

Sound absorption has always been a very traditional subject. The
appearance of acoustic metamaterial absorbers however remediates the
problems, such as heavy, low efficiency and high price, that are usually
associated with the traditional sound-absorbing materials (e.g., sponge,
glass fiber, porous polymer material) [1,2]. For the sound wave in
the low-frequency range, whose wavelength is relatively large, a tra-
ditional way is to use a large-scale material to obtain a high absorp-
tion. However, an acoustic metamaterial absorber can be made in a sub-
wavelength size with high absorption due to its fantastic microstructure.
Thus, using metamaterial absorbers can reduce the space while improve
the efficiency of sound absorption [3-7]. Hence, acoustic metamaterial
absorbers are now widely used in the field of noise reduction. For a per-
fect sound absorber, there are two key factors that need to be considered.
The first is the impedance matching mechanism. The surface impedance
of the absorber needs to match the air impedance to make the sound
wave enter the absorber more effectively [8]. The other thing is the en-
ergy dissipation. High sound absorption can be achieved by improving
the energy density of the whole system or using the reverse action of cor-
relation waves. The dissipation of energy is the volume integral of the
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product of local energy density and dissipation coefficient so that the
dissipation can be enhanced by increasing the energy density. Because
the energy density is related to the displacement velocity of particles, the
local resonance can effectively enhance the energy density and further
improve the sound absorption ability. Based on the understanding of
these two points, many acoustic metamaterial absorbers have been de-
signed, including Helmholtz resonators (HRs) [9-11], membrane type
acoustic metamaterials (MAMSs) [12-16], hybrid membrane resonators
(HMRs) [17-19], Fabry-Perot (FP) absorbers [20-22], ultrathin meta-
material absorbers [23,24], hybrid composite absorbers [25] and some
others [26-28]. Among them, Fu et al. [29] put a pair of HMRs com-
posed of two decorative membranes and back cavities on the side of
the waveguide, and designed a metamaterial which can achieve sound
absorption at single frequency. On this basis, Long et al. [30] replaced
HMR with HR to achieve perfect sound absorption. In addition, based
on the design strategy through the combination of resonators with dif-
ferent resonance frequencies, broadband sound absorption could be
realized. For example, in view of the causality principle, Yang et al.
[24] combined FP resonators with a power-law arrangement of the res-
onance frequencies, and found that broadband sound absorbers could
be obtained with the thinnest material. After that, Jiménez et al. [31]
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designed a deep-subwavelength structure with HRs to achieve broad-
band sound absorption. Furthermore, the combining utilization of vari-
ous optimization algorithms can lead to a wider frequency absorption ef-
fect [32] as well as the reverse design of sound-absorbing metamaterials
[27].

For the single-port system, its exit end is a hard wall, that is, the
entrance and the exit of the system share the same port. Such a sys-
tem is therefore unventilated. In order to meet the needs of a wide
range of practical applications, the double-port system or some venti-
lated acoustic absorbers have gradually become the focus of research
in recent years [29,30,33]. For example, Xiang et al. [34] designed an
ultra-open ventilated metamaterial sound absorber for low frequency
sound below 1kHz, and realized broadband sound absorption by using
the combination strategy. Xu et al. [35] designed a broadband venti-
lated acoustic barrier via combining the bandgap properties of periodic
structure with topology optimization, demonstrating the effect of broad-
band sound insulation. Compared with the closed system, the ventilated
sound absorber has a broader application value [33,36-39]. It can be
used to reduce the noise inside the pipes, or indoor noise, so that the
application scenarios can be more diverse. Some works have shown that
asymmetric or high ventilation absorption can be achieved in a two-
point system composed of MAMs, HMRs or HRs. However, the venti-
lated sound-absorbing metamaterials reported in the literature are all
made of hard materials (metal or plastic) or membrane materials. Due
to the relaxation of the membrane under a constant tension, the absorber
composed of the membrane (MAMs, HMRs) is not stable for a long-term
service. On the contrary, the HR is more stable, whose overall loss can
also be adjusted by changing its geometric parameters, making it more
robust than the absorber composed of membranes. Therefore, this work
aims to design a ventilated absorber based on the structure of HR. It is
worth noting that, although hard materials as employed in the existing
ventilated HR metamaterials have a long service life, their mechanical
characteristics (in sound-related applications, the geometry or configu-
ration of the structure is the most important) cannot be changed flexibly
in real time. Once the configuration of the absorber is determined, the
corresponding absorption frequency and absorption capability are also
determined, which may limit the application spectrum of hard HR ab-
sorbers.

This difficulty may be surmounted by using soft materials. Due to
the characteristic of large and reversible deformation, soft materials are
widely used in the field of metamaterials, especially in the light of me-
chanical control [40-44]. For example, the elastic band gaps in soft pe-
riodic structures can be tuned by mechanical loading which can change
both the topological configuration and the effective material proper-
ties [41,43,45-48]. Gao et al. [42] have experimentally demonstrat-
ing the real-time tuning of elastic band gaps in soft phononic crystals
with criss-crossed elliptical holes via a tensile load. It is also possible
to produce special transmission phenomena, such as topological inter-
face state [49], elastic wave guide [50,51] and many others [52-54], in
some specially designed soft (dielectric) phononic crystal structures by
mechanical loading or electric means. It is worth mentioning that the de-
signed soft material structure will enter into the stage of buckling/post-
buckling deformation under a certain mechanical loading. At such stage,
the initial configuration of the structure will change greatly, the intro-
duction of a small geometric defect or simply the change in a geometric
parameter (such as the thickness) of the initial configuration may cause
different post-buckling deformations, which provides the possibility of
rich geometry configurations for further realizing interesting acoustic
functionalities [55,56]. Therefore, it is very interesting and also impor-
tant to realize the reversible mechanical control of the structure by mak-
ing use of the particularity of soft materials.

In this paper, we design a star-shaped Helmholtz absorber by in-
tegrating the soft material with HR, and adjust its thickness to obtain
different post-buckling deformations. Combining with star-shaped HRs
with different thickness, and making use of change in effective geo-
metric parameters (such as volume, effective height and cross-sectional
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area) induced by different post-buckling deformations, we can achieve
perfect sound absorption and asymmetric sound absorption at differ-
ent frequencies. The feasibility of this design is confirmed by theory
and finite element (FE) simulation. Compared with the traditional HR
absorbers, our design can flexibly tune the sound absorption frequency
and absorption coefficient by mechanical loading, which gives a brilliant
illustration of the design of a broad spectrum of soft acoustic devices.

2. Design principle

It is well known that if the vertical plate with its bottom edge fixed
and the top hinged is subjected to a downward compression load, it will
deform within its middle plane at first. But when the load arrives at a cer-
tain critical value, the plate will buckle, and further increasing the load
will make it bend and enter into the post-buckling deformation state, as
shown in Fig. 1(a). For a thin plate made of soft hyperelastic material,
the post-buckling deformation is reversible due to the excellent elastic-
ity of the material. Therefore, we use rubber (soft material) to make the
cavity part of a HR, which can undergo reversible deformation under
mechanical loadings. In addition, in order to enrich the post-buckling
deformation configurations of the whole structure, the cross section of
the cavity is designed to be star-shaped so that each side wall is com-
posed of two thin plates.

The star-shaped HR consists of two parts: the rubber side walls of the
cavity and the hard base with a thin neck, as shown in Fig. 1(b). The
inner height of the cavity (air part) is H=5 x 10"2m, while the inner di-
ameter and height of the neck are 2r = 12 x 103mand h = 11 x 103m,
respectively. The thickness of the cavity is t, the length and width of
the outer cross section are both L, the length and width of the inner
cross section are both [ = 5 x 102m, and the corner angle is § = 78.6°.
In order to explore the influence of mechanical loading on the post-
buckling deformation of the star-shaped HR, the Explicit module of the
FE software ABAQUS is used for simulation [57,58]. For this purpose,
the incompressible Neo-Hookean hyperelastic model [41] with density
Prubber = 1080 kg/m3, Young’s modulus E = 8x10° Pa and initial shear
modulus u, = 1.34 x 10°Pa are employed. In order to improve the com-
putational efficiency, the 4-node shell element (S4) is used in ABAQUS
model meshing. It is noted here that, because the thickness of the struc-
ture t used is 4 or 5 x 103m, which is less than 1/10 of the overall
size, and the deformation of the structure is mainly bending, using the
shell element without considering the transverse shear deformation is
sufficient to meet the computational accuracy. Without loss of gener-
ality, displacement loading is adopted in the FE simulation, which is
measured by the nominal strain defined by ¢ = Au/H (Au is the amount
of deformation along the loading direction and the positive sign repre-
sents compression, while H is the initial height of the air cavity along
the loading direction).

It should be noted here that, with the above material parameters, the
characteristic impedance of the soft material can be calculated as,

Zrubber = PrubberCrubber = V Prubber X Krubber ~ 890 X ZO (])

where K, - is the bulk modulus of the rubber, and Z, (= pycy) is the
characteristic impedance of air, which is equal to the product of air den-
sity and sound speed. The characteristic impedance of rubber is about
890 times of the air, which means the impedance difference between the
two is very large. Therefore, the inner wall of the soft material can be
regarded as an acoustically rigid wall. In this case, we can only consider
the influence of the deformation caused by the buckling of the wall and
can neglect the vibration effect of the material that might be induced
by the sound. However, if the characteristic impedance is close to the
air, both effects should be taken into consideration, i.e. a fully-coupled
model should be established [59].

For the star-shaped cavity of the HR made of rubber, we can fix its
bottom and apply a compressive load on its top, as shown in Fig. 1(c).
The load will induce the post-buckling deformation of the side walls,
which further affects the overall acoustic characteristics of the HR. In
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Fig. 1. Design of a star-shaped HR: (a) Basic principle; (b) Geometric parameters, including inner height of the cavity (H=5 x 10?m) and the neck (h = 11 x 10°m),
inner radius of the neck (r = 6 x 10-°m), thickness of the cavity (t), side length of the outer (L) and the inner (I = 5 x 102m) cross sections, and the corner angle

(6 = 78.6%); (c) Applied load and boundary conditions.

this regard, the acoustic characteristics of the designed HR can be tuned
by mechanical loading. Moreover, if the post-buckling deformation con-
figuration is abundant, such means of mechanical tuning will be very
flexible and efficient.

3. Two distinct post-buckling configurations

The thickness of the plate will affect its buckling deformation. We
now consider two kinds of cavities with different wall thickness to real-
ize the post-buckling deformation with different topological configura-
tions. Based on the simulation results shown in Fig. 2(a), it can be noted
that, when the wall thickness is 4 x 10-3m, the cavity mainly experi-
ences two deformation modes when the compression load is applied to
its top. The first one (Mode 1-I) is characterized by no obvious defor-
mation of its side walls, and only occurs in the early stage of loading,
i.e. when the compression load is small. With the increasing of the com-
pression, the phenomenon of mode jump is observed, from the overall
shape-keeping mode to the other mode (Mode 1-II) with two opposite
side walls concave and the other two convex, as shown in Fig. 2(b).
When the wall thickness of the cavity is 5 x 103m, the modes will be
interestingly different. In the case of small compression, the mode 2-IT
is similar to that of Mode 1-I, with no obvious deformation of the side
walls and hence no obvious change in the shape. When the degree of
compression increases, mode jump also appears, but the mode (Mode 2-
1D) is different from the 4 x 103m case with all the four deformed walls
convex, as shown in the figure. Different wall thicknesses bring about
different post-buckling deformation configurations after the mode jump
under the same compression load, which is critical to the subsequent
tuning of the acoustic characteristics.

For a HR, the volume and height of the cavity are two very important
parameters, which will directly affect its resonance frequency. In fact,
the control of acoustic characteristics via post-buckling deformation is
also based on this principle, which is the basis of our design. Hence, we
numerically examine the change in cavity volume for the two HRs with
different thickness under the same compression, as shown in Figs. 3(a)
and (b). It can be noted that, for the case of t = 4 x 10-3m, the cavity

volume decreases with the increase of the compression load. After the
point of mode jump where & = 4.4%, the cavity volume will first increase
slightly, but soon it will decrease again with the compression load. For
the case of t = 5 x 103m, the situation is quite different: the volume first
decreases slightly, then increases after a critical value of the load, and fi-
nally decrease again after a second critical value of the load. The volume
change in the first stage is similar to the case of t = 4 x 10-3m, proving
that the first-stage deformations (Mode 1-I and Mode 2-I) are similar to
each other when the HR is compressed. When the load reaches a critical
value £ = 4.4%, the second-stage mode changes from Mode 2-I for the
case of t = 4 x 10"3m to Mode 2-1I for the case of t = 5 x 10-3m. In the lat-
ter case, the cavity volume increases with the load in the second stage.
However, after the second critical load € = 13.9%, the volume increase
due to the bulge of the side walls cannot make up for the volume loss due
to the whole shortening. Thus, the cavity volume decreases again with
the load in the third stage. It should be noted that the observed post-
buckling deformations of the soft HR with two different thicknesses are
only for the case that its bottom is clamped and its top is uniformly com-
pressed. If the structure is loaded unevenly, other post-buckling modes
would be possible. Fig. 3 also depicts the variation of the strain energy
(black dashed line) and that of the kinetic energy (grey dashed line). It
can be found that with the increase of the compression load, the strain
energy increases approximately linearly. Meanwhile, the kinetic energy,
which is caused by the loading mode adopted in the simulation, is far
less than the strain energy so that the loading process keeps to be quasi-
static.

In order to verify the reliability of the simulation results in
ABAQUS/Explicit, the buckling analysis of soft HR with two wall thick-
nesses is carried out in ABAQUS/Standard. The results show that, the
buckling modes and critical loads obtained by the Standard module are
very close to those by the Explicit module. The reader is referred to
Appendix A for the details.

Combining these two HRs with different thickness, we can achieve
a flexible mechanical control of some acoustic phenomena at certain
frequencies. Moreover, due to the resilience of soft hyperelastic mate-
rials and their large deformation capability, the control is reversible,
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Fig. 2. Two distinct post-buckling configurations: (a) Shapes of the deformed HR for two thicknesses for which the first mode jump occurs when ¢ is around 0.04;
(b) When t = 4 x 10~3m, the two opposite side walls are concave, and the other two are convex, while for t = 5 x 10~3m, all the four side walls are convex.

repeatable and of wide range, differing from the traditional Helmholtz
absorber that is made of hard materials.

4. Theoretical basis for the HR absorber

Consider the equivalent impedance of a single star-shaped HR firstly.
The star-shaped HR consists of a cavity and a narrow neck, with their
heights being H and h, respectively. Denote A, and A, as the cross-
section areas of the cavity and the neck, respectively. In order to simplify
the calculation, the cross-section area of the cavity here is the effective
one, defined by A, = V./H_, where V, and H, are the volume and height
of the cavity, respectively, both varying with the load.

According to the duct-acoustics theory[60], the effective dynamic
density and effective modulus are given by

.0
pj(w) = Po(l _12_Aj>’

5 y—1 @
Bj(w) = B(,<1 yi2t >

205 \/pr

where A; = V;/S; is the characteristic length (the subscript j = n or ¢
to denotes the neck or cavity respectively), S; is the side surface of
the duct (neck or cavity), which is approximately a constant, and V;
is its volume. The energy dissipation of HR is mainly due to the vis-
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Fig. 3. Variations of the cavity volume (solid line), the strain energy (black dash line), and the kinetic energy (grey dash line) with the compression load applied on
the HR with different thickness: (a) t = 4 x 10~3m; (b) t = 5 x 10~3m. The color represents the magnitude of the displacement, with red and blue corresponding to

the maximum and the minimum, respectively.

cous friction between the air and the inner wall surfaces of the neck
and cavity, which needs to be considered. In Eq. (2), the viscous bound-
ary layer 6 = 1/2v/w < 2r, the adiabatic index y=1.4 and the Prandtl
number Pr = v/y, where w is the frequency of the sound wave, the
kinematic viscosity v = 1.5 x 10~°m?/s and the thermal diffusivity
7z = 1.9 x 105m?/s. The air density and modulus are p, = 1.2kg/m?3
and By = 141.2 x 103Pa, respectively. The above material constants can
be found in Ref. [1]. Then, the effective impedance Z] and wave vector
k; are given by

Zj=/p;B;/A;.
k; = w+/p;/B;.

According to the impedance transfer theory [60], the impedance of
HR can be expressed as

Z' =-iZ,cot (k.h),
Z' +iZ,tan [k,(H + Al “)
"Z,+iZ' tan [k,(H + AD]

where the end correction [31] is made by adding a length Al, which is
related to the pressure radiation at the discontinuous interface. For a

3)

Zyr=2,

HR placed on the side wall of a waveguide, there are two discontinu-
ous interfaces, one is the interface between neck and cavity of HR, and
the other is the interface between neck and waveguide. Therefore, the
correction length Al consists of two parts Al; and Al,, the former is re-
lated to the configurations of neck and cavity [61], while the latter is
related to the geometric parameters of neck and waveguide [62], which
are given by

er er }
Al =082[1-1352+031( 2 ) |r,

re re

2 3 4 ( )
r’l rn rn rn
Al, =0.82 [1—0.235——1.32(—) +l.54<—> —0.86(—) ]r,,,
Ty Ty Ty 'y

where the effective radii r, = \/A./z, r, = \/A,/x and r, = \/A,/7 (A;
is the cross-section area of the waveguide). So the additional lengths
at both ends are corrected as Al = Al; + Al,. In an acoustically reso-
nant system with resonance frequency Q, the surface response function
(Green function) of a resonator can be expressed as

=% 6)

p
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Fig. 4. Variations of the resonance frequency of a single star-shaped HR with the compression load. The circles are the FE results, and the lines are the theoretical
results. The arrow represents the direction of change, and red and blue colors correspond to t = 4 x 103 mand t = 5 x 10~3m, respectively. In the calculation, the
length and width of the cross section of the uniform waveguide are both L, = 5 x 10-2m.

where p is the actual sound pressure and ¢ is the magnitude of displace-
ment response of the air particle. Because the impedance of the res-
onator can be expressed as

_p_pr _ 1

u iwé  ioG

)

Eq. (6) can be rewritten as

1

G = o7 (8)

For a plane wave in air, the real part of the Green function is non-
dissipative, and its dissipative imaginary part Im(G)corresponds to the
real part of the impedance Re(Z). Moreover, the function of G can be
denoted as a Lorentz form, that is, at the resonance frequency, there will
be a peak in the imaginary part, which means the dissipation reaches the
maximum and Re(Z)is zero [63]. In view of this property, the resonance
frequency of the star-shaped HR can be found at the position of the peak
of Im(G), with G being calculated from the impedance:

G=—— ©)
iwZyr

We now use both the above theoretical formulae and the FE simu-
lation to explore the influence of the compression load on the acoustic
properties of the soft star-shaped HR. The model is shown in the Fig. 4,
that it, a star-shaped HR is placed on the side wall of a uniform waveg-
uide with the side length I3, = 5 x 10~2m of the cross section, and the
incident wave is incident from one end of the waveguide. The results
are shown in Fig. 4.

It is noted that, the variation of the resonance frequency of the soft
star-shaped HR with the compression load is basically consistent with
the variation of the volume. When t = 4 x 10~3m, the resonance fre-
quency of the HR increases with the increase of the load, and the res-
onance frequency ranges from 388Hz to 440Hz when ¢ varies from 0
to 0.02. Similarly, when t = 5 x 10~3m, the varying trend of the res-
onance frequency is also consistent with the volume, which first in-
creases, then decreases, and finally increases. The frequency range is
373-394Hz, which is relatively narrow. However, the variation of the
latter, which is not monotonic, is much richer than the former.

In order to design a ventilated and mechanically tunable sound ab-
sorption device, the star-shaped HR is mounted on the side wall of a
waveguide. It should be noted that for the case of one beam incident
wave, the absorption of an individual dipole or monopole will not ex-
ceed 50%, which has been proved theoretically [64]. Therefore, in order
to obtain high absorption, two HRs need to be mounted on the side wall.
As shown in Fig. 5(a), the system consists of a two-port waveguide and
two star-shaped HRs. The geometrical parameters of the waveguide are
consistent with those mentioned above, L3, = 5 X 1072m, and the dis-
tance d between the centers of the two HRs is 5.6 x 10°m. The wall
thickness of the first HR on the left is 4 x 103m, and that of the second
one is 5 X 103 m. The compression loads applied on them are £; and &5,
respectively. When two star-shaped HRs are set on the side wall of the
waveguide, the overall acoustic characteristics (reflection R, transmis-
sion T and absorption A) of this system can be calculated by the transfer
matrix method [29]:

Toit = Ty ri Tnid—tuve THR2 (10)

where the concrete forms of the contributing matrices are obtained by

1 0
THRm B [I/ZHRm 1:|) (11)
T _ cos(kl) iZ sin(kl)
mid=tube =\ sin(kl)/ Zo ~ cos(kl) |’

where m = 1, 2, representing the sequential number of the HR, Ty, is
the transfer matrix of the m-th HR and T4 _ g iS the transfer matrix
of the intermediate impedance tube between the two HRs (red shadow
part in Fig. 5a). Then, we can get the reflectance and transmittance as
follows:

2
R+ = | ZTutTi/Zo- 2Ty T
T+T12/ Zo+Zo Ty +Tn,
) (12)
R- = | TutTo/Zy=ZyTy —Ty
Ty+Ti2/ Zo+Zg Ty +T
; 2
TH=T = ‘ 2e1 , (13)
Ty + T/ Zy+ ZyTy + Ty
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Fig. 5. Double star-shaped Helmholtz absorber: (a) Schematic diagram and some geometric parameters; (b) The incident wave is incident from the left side of the
waveguide, and the superscript ‘+’ is used in the corresponding acoustic parameters; (c) The incident wave is incident from the right side of the waveguide, and the

superscript ‘-’ is used in the corresponding acoustic parameters.

where T, (m=1, 2,n = 1, 2) represent the elements of the total trans-
fer matrix Ty; in Eq. (10), the sign of ‘+ ’ indicates that the incident
sound wave incidents from the left side of the waveguide, as shown in
Fig. 5(b), and the sign of ‘— ’ denotes the incident wave is coming from
the right side of the waveguide, as shown in Fig. 5(c). R and Tare the
reflection and transmission coefficients, respectively. Then, according
to the energy conservation principle, the absorptance can be obtained
as

At =1-Rt-TH,

A"=1-R -T", 19

where A is the absorption coefficient, and the superscript again corre-
sponds to the incident direction of the incident wave.

5. Mechanically tunable sound absorber

Based on the theoretical basis presented in the previous section,
asymmetric sound absorption and multi-frequency perfect sound ab-

(a)

£,=0.10 &

Left incident

sorption can be realized by applying different compression loads on the
top of the two star-shaped HRs.

5.1. Asymmetric sound absorption

When certain compression loads are applied to the two star-shaped
HRs, due to the different post-buckling configurations, the two cavities
will experience different deformations, which further lead to an asym-
metric sound absorption.

Consider for instance the case that the load £; = 0.1 is applied to
HR1 with t = 4 x 1073m, and the load &, = 0.08 is applied to HR2
with t = 5 x 10~3m, as shown in Fig. 6(a). When the incident sound
wave enters from the left side of the waveguide, the transmission co-
efficient T, the reflection coefficient R and the absorption coefficient A
of the system are shown in the Fig. 6(b), where the circles are the FE
results (using Pressure Acoustic-Thermoacoustic interaction, frequency
domain module in COMSOL Multiphysics), and the lines represent the
theoretical results. The simulation results are in good agreement with
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Fig. 6. The system with asymmetric sound absorption: (a) Asymmetric sound absorption device composed of two soft star-shaped HRs. From left to right are HR1 and
HR2, respectively, and the compression loads on them are £,=0.1 and £,=0.08, respectively; (b) The variation of the transmission (T), reflection (R) and absorption
(A) coefficients of the system with the incident wave frequency when the sound wave is incident from the left port, which are represented by black, blue and red
colors respectively; (c) The variation of T, R and A of the system with the incident wave frequency when the sound wave is incident from the right port. The circles
and lines in (b) and (c) represent the results of FE simulation and the theoretical results, respectively.
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Fig. 7. Sound pressure field, velocity field and distribution of the normalized impedance for different wave incident directions: (a) Sound pressure field |p| for left
incidence, and (b) Sound pressure field for right incidence; (c) Velocity field |v| for left incidence, and (d) Velocity field for right incidence, the arrows indicate the
velocity directions of the air particles; (e) Distribution of the dimensionalization impedance Z/Z, for left incidence, and (f) Distribution of the normalized impedance
for right incidence; (g) Variation with the position of the absolute value of sound pressure |p| on the central axis of the waveguide for left incidence, and (h) Variation
with the position of the absolute value of sound pressure for right incidence; (i) Variation with the position of the absolute value of particle velocity |vy| on the
central axis of the waveguide under left incidence, and (j) Variation with the position of the absolute value of particle velocity for right incidence.

the theoretical ones. There is an absorption peak at 380Hz, the value of
which is about 96.1%, almost approaching 100%. The transmission co-
efficient there is about 3.3%, and the reflection is about 0.6%. However,
when the sound incident is from the opposite side, as shown in Fig. 6(c),
the reflection coefficient reaches 81.2% at the same frequency, which
means that most sound energy is reflected rather than absorbed. The
transmission coefficient is also 3.3%, and the absorption coefficient is
only 15.5%.

Different compression loads can be applied to the soft star-shaped
HRs with different thickness to make them have different post-buckling
deformation configurations. Then the same incident wave can be inci-
dent from different ports to get different sound absorption effects. As
indicated in the above example, the incident wave enters from the left
side will encounter an almost perfect high absorption. On the contrary,
the right one will encounter a high reflection, and a greatly reduced
absorption. Thus, the designed system can be tuned mechanically to
achieve the asymmetric sound absorption.

From the sound pressure field (Figs. 7(a) and 7(b)) and the velocity
field (Figs. 7(c) and 7(d)) at 380Hz, it is found that, when the sound is
incident from the left port, the two star-shaped HRs are highly excited
at this frequency, and most of the energy is localized inside the neck
of HRs, where a high energy density can be identified. Moreover, the
velocities of the air particles in the neck are much higher than those
in the cavity, which make the energy easily dissipate by the friction. In
this regard, the purpose of absorption can be achieved. In addition, from
the velocity directions of the air particles (white arrows in Fig. 7(c)), it
can be found that the velocity directions near the two HRs are opposite,
and the incident wave will be trapped in the tube between the two HRs
until the energy is dissipated. This interesting factor also contributes
to the near total absorption characteristic. On the contrary, when the
sound wave with the same frequency is incident from the right side,
only HR2 is excited, as shown in Fig. 7(b). In this latter case, the ve-
locity directions of the air particles near the two HRs are the same,
as shown in Fig. 7(d). Thus, only a small part of the energy is dissi-
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Fig. 8. Sound absorption under different
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pated, and most of the sound wave is reflected, resulting in a small
absorption.

This phenomenon can also be explained using the effective acoustic
boundary. As we all know, in acoustics, surface impedance is used to
measure the “softness” of a boundary. If the surface impedance is close
to 0, it can be equivalent to a soft boundary, which means the small-
est transmission and the strongest reflection at the boundary. In order
to observe the difference in the impedance in the waveguide between
two incident directions, the dimensionless impedance at the frequency
380Hz is depicted in Figs. 7(e) and 7(f). The dimensionalization is made
in terms of a ratio with respect to the air impedance (Z, = pycy). Also, the
corresponding distributions of the absolute value of sound pressure and

air particle velocity along the central axis of the waveguide are shown
in Figs. 7(g), 7(h) and Figs. 7(i), 7(j), respectively. From the results in
Figs. 7(e), 7(g) and 7(i), we can see that, when the incident wave is
incident from the left side, Z/Z, = 1 near HR1. That is, the impedance
matching condition is satisfied, and the acoustic wave enters into the re-
gion between the two HRs. At HR2, Z/Z,, = 0, the sound pressure |p| =0
and the displacement velocity |v| is at the anti-node point, which can
be regarded as a soft boundary, where a high reflection exists. Hence
the sound energy can be continuously dissipated between the two HRs
to achieve a high absorption. However, when the incident wave is in-
cident from the right side, as shown in Figs. 7(f), 7(h) and 7(j), Z/Z,
at HR2 is equal to O, |p| is close to 0, and |v| is the maximum, which
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Table 1
Specific values of sound absorption under different load combinations.

Frequency of

Compression load Compression load absorption Absorption
on HR1e; (%) on HR2¢, (%) peak f (Hz) at fA (%)
0 14% 369.2 Hz 93.2%

7% 11% 374.5 Hz 96.1%
10% 8% 380 Hz 96.1%
13% 7% 385 Hz 95.1%
14% 1% 390.3 Hz 94.4%
15% 5% 393.8 Hz 94.3%

signifies a soft boundary. Thus, the incident wave encounters a high re-
flection when it just reaches the position near HR2. In this case, it is
difficult for the wave to enter the region between the two HRs, leading
to a very low absorption.

5.2. Perfect sound absorption at different frequencies

By combining star-shaped HRs with different thickness and applying
different compression loads, we can flexibly tune the acoustic charac-
teristics of the sound absorber to achieve perfect sound absorption at
different frequencies. Moreover, based on the characteristics of soft ma-
terial which can be loaded and unloaded repeatedly, we are able to
design an acoustic switch via mechanical loading.

As shown in Fig. 8(a), when both HRs are not loaded, i.e., e; =€, =0,
and the incident wave is from the right side, there is an absorption peak
at 357Hz with the absorption of 42.3%, less than 50%. Moreover, after
365Hz, the absorption is always less than 10%, and there is almost no
sound absorption effect.

However, when we apply different compression loads on the top of
the two HRs, the absorption can reach more than 90%, as shown in
Figs. 8(b) and 8(c). The detailed values are given in Table 1. It can be
seen from the results (both numerical and theoretical) that in the range
of 365-430Hz, the absorption is less than 10% when no compression
load is applied to the HRs. When the appropriate compression loads are
applied to the two HRs, both resonators resonate strongly (Fig. 8(c)),
and the absorption of the whole system will become more than 90% at
some frequencies. It means that we can achieve high sound absorption
when the loads are applied on the two HRs, even sound absorption at
this frequency is very low when the HRs are unloaded. This kind of
sound manipulation can be realized in real time via repeated loading and
unloading of soft materials, without the need to change the HRs. In other
words, the multi-frequency sound absorption switch can be realized by
the means of mechanical control.

Of course, if the number of soft HRs is increased, the tunable fre-
quency range could be further widened, and multi-frequency perfect
sound absorption under the specific loading combination could be re-
alized. In addition, the perfect sound absorber can exhibit the phe-
nomenon of asymmetric sound absorption. The reader is referred to Ap-
pendix B and Appendix C respectively for some selected results and the
discussions.

6. Conclusions

In summary, we have designed a novel kind of star-shaped HR made
of soft hyperelastic materials. Placing the soft HRs on the side of acous-
tic waveguide yields a ventilated and mechanically tunable sound ab-
sorber. By applying a compression load on the top of HR, the absorber
can exhibit perfect absorption and asymmetric sound absorption at cer-
tain frequencies. The following main contributions have been made in
this paper:

1) Two kinds of post-buckling mode jumps are found when a compres-
sive load is applied to the top of the soft star-shaped HRs with differ-
ent thickness. These two post-buckling modes endow the HR cavity
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with different volumes and configuration changes under the contin-
uous loading of compression.

When two soft star-shaped HRs with different thicknesses are placed
on the side wall of the acoustic waveguide, both the theoretical and
FE simulation results show that different acoustic characteristics in
the sound field would appear under the compression load. In par-
ticular, the resonance frequency will change with the load, and the
change trend is basically consistent with the variation of the volume
of the deforming HR.

A ventilated and mechanically tunable acoustic switch is designed
by placing two soft star-shaped HRs with different thicknesses on
the side wall of the acoustic waveguide. When different compres-
sion loads are applied to the two HRs, high sound absorption can be
achieved at different frequencies (the sound absorption coefficient
is larger than 90%). It is worth mentioning that due to the large
deformation property of soft hyperelastic materials, the sound ab-
sorption process can be tuned reversibly by mechanical loading and
unloading.

The soft star-shaped HR absorber also exhibits the characteristic of
asymmetric sound absorption. That is, when the incident wave is in-
cident from the different sides of the waveguide, extremely different
phenomena, perfect absorption or no absorption, could be observed.
Moreover, the phenomenon is also mechanically tunable.

2)

3

-

4

—

The design presented in this work combines acoustic control with
mechanical means, makes the whole control process more feasible and
flexible, and widens the application range of acoustic devices.
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