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a b s t r a c t 

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 

Helmholtz 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. 
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. Introduction 

Sound absorption has always been a very traditional subject. The
ppearance of acoustic metamaterial absorbers however remediates the
roblems, such as heavy, low efficiency and high price, that are usually
ssociated with the traditional sound-absorbing materials (e.g., sponge,
lass fiber, porous polymer material) [ 1 , 2 ]. For the sound wave in
he low-frequency range, whose wavelength is relatively large, a tra-
itional way is to use a large-scale material to obtain a high absorp-
ion. However, an acoustic metamaterial absorber can be made in a sub-
avelength size with high absorption due to its fantastic microstructure.
hus, using metamaterial absorbers can reduce the space while improve
he efficiency of sound absorption [3–7] . Hence, acoustic metamaterial
bsorbers are now widely used in the field of noise reduction. For a per-
ect sound absorber, there are two key factors that need to be considered.
he first is the impedance matching mechanism. The surface impedance
f the absorber needs to match the air impedance to make the sound
ave enter the absorber more effectively [8] . The other thing is the en-

rgy dissipation. High sound absorption can be achieved by improving
he energy density of the whole system or using the reverse action of cor-
elation waves. The dissipation of energy is the volume integral of the
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roduct of local energy density and dissipation coefficient so that the
issipation can be enhanced by increasing the energy density. Because
he energy density is related to the displacement velocity of particles, the
ocal resonance can effectively enhance the energy density and further
mprove the sound absorption ability. Based on the understanding of
hese two points, many acoustic metamaterial absorbers have been de-
igned, including Helmholtz resonators (HRs) [9–11] , membrane type
coustic metamaterials (MAMs) [12–16] , hybrid membrane resonators
HMRs) [17–19] , Fabry-Perot (FP) absorbers [20-22] , ultrathin meta-
aterial absorbers [ 23 , 24 ], hybrid composite absorbers [25] and some

thers [26–28] . Among them, Fu et al. [29] put a pair of HMRs com-
osed of two decorative membranes and back cavities on the side of
he waveguide, and designed a metamaterial which can achieve sound
bsorption at single frequency. On this basis, Long et al. [30] replaced
MR with HR to achieve perfect sound absorption. In addition, based
n the design strategy through the combination of resonators with dif-
erent resonance frequencies, broadband sound absorption could be
ealized. For example, in view of the causality principle, Yang et al.
24] combined FP resonators with a power-law arrangement of the res-
nance frequencies, and found that broadband sound absorbers could
e obtained with the thinnest material. After that, Jiménez et al. [31]
). 
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esigned a deep-subwavelength structure with HRs to achieve broad-
and sound absorption. Furthermore, the combining utilization of vari-
us optimization algorithms can lead to a wider frequency absorption ef-
ect [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
ntrance and the exit of the system share the same port. Such a sys-
em is therefore unventilated. In order to meet the needs of a wide
ange of practical applications, the double-port system or some venti-
ated acoustic absorbers have gradually become the focus of research
n recent years [ 29 , 30 , 33 ]. For example, Xiang et al. [34] designed an
ltra-open ventilated metamaterial sound absorber for low frequency
ound below 1kHz, and realized broadband sound absorption by using
he combination strategy. Xu et al. [35] designed a broadband venti-
ated acoustic barrier via combining the bandgap properties of periodic
tructure with topology optimization, demonstrating the effect of broad-
and sound insulation. Compared with the closed system, the ventilated
ound absorber has a broader application value [ 33 , 36–39 ]. It can be
sed to reduce the noise inside the pipes, or indoor noise, so that the
pplication scenarios can be more diverse. Some works have shown that
symmetric or high ventilation absorption can be achieved in a two-
oint system composed of MAMs, HMRs or HRs. However, the venti-
ated sound-absorbing metamaterials reported in the literature are all
ade of hard materials (metal or plastic) or membrane materials. Due

o the relaxation of the membrane under a constant tension, the absorber
omposed of the membrane (MAMs, HMRs) is not stable for a long-term
ervice. On the contrary, the HR is more stable, whose overall loss can
lso be adjusted by changing its geometric parameters, making it more
obust than the absorber composed of membranes. Therefore, this work
ims to design a ventilated absorber based on the structure of HR. It is
orth noting that, although hard materials as employed in the existing
entilated HR metamaterials have a long service life, their mechanical
haracteristics (in sound-related applications, the geometry or configu-
ation of the structure is the most important) cannot be changed flexibly
n real time. Once the configuration of the absorber is determined, the
orresponding absorption frequency and absorption capability are also
etermined, which may limit the application spectrum of hard HR ab-
orbers. 

This difficulty may be surmounted by using soft materials. Due to
he characteristic of large and reversible deformation, soft materials are
idely used in the field of metamaterials, especially in the light of me-

hanical control [40–44] . For example, the elastic band gaps in soft pe-
iodic structures can be tuned by mechanical loading which can change
oth the topological configuration and the effective material proper-
ies [ 41 , 43 , 45–48 ]. Gao et al. [42] have experimentally demonstrat-
ng the real-time tuning of elastic band gaps in soft phononic crystals
ith criss-crossed elliptical holes via a tensile load. It is also possible

o produce special transmission phenomena, such as topological inter-
ace state [49] , elastic wave guide [ 50 , 51 ] and many others [52–54] , in
ome specially designed soft (dielectric) phononic crystal structures by
echanical loading or electric means. It is worth mentioning that the de-

igned soft material structure will enter into the stage of buckling/post-
uckling deformation under a certain mechanical loading. At such stage,
he initial configuration of the structure will change greatly, the intro-
uction of a small geometric defect or simply the change in a geometric
arameter (such as the thickness) of the initial configuration may cause
ifferent post-buckling deformations, which provides the possibility of
ich geometry configurations for further realizing interesting acoustic
unctionalities [ 55 , 56 ]. Therefore, it is very interesting and also impor-
ant to realize the reversible mechanical control of the structure by mak-
ng use of the particularity of soft materials. 

In this paper, we design a star-shaped Helmholtz absorber by in-
egrating the soft material with HR, and adjust its thickness to obtain
ifferent post-buckling deformations. Combining with star-shaped HRs
ith different thickness, and making use of change in effective geo-
etric parameters (such as volume, effective height and cross-sectional
2 
rea) induced by different post-buckling deformations, we can achieve
erfect sound absorption and asymmetric sound absorption at differ-
nt frequencies. The feasibility of this design is confirmed by theory
nd finite element (FE) simulation. Compared with the traditional HR
bsorbers, our design can flexibly tune the sound absorption frequency
nd absorption coefficient by mechanical loading, which gives a brilliant
llustration of the design of a broad spectrum of soft acoustic devices. 

. Design principle 

It is well known that if the vertical plate with its bottom edge fixed
nd the top hinged is subjected to a downward compression load, it will
eform within its middle plane at first. But when the load arrives at a cer-
ain critical value, the plate will buckle, and further increasing the load
ill make it bend and enter into the post-buckling deformation state, as

hown in Fig. 1 (a). For a thin plate made of soft hyperelastic material,
he post-buckling deformation is reversible due to the excellent elastic-
ty of the material. Therefore, we use rubber (soft material) to make the
avity part of a HR, which can undergo reversible deformation under
echanical loadings. In addition, in order to enrich the post-buckling
eformation configurations of the whole structure, the cross section of
he cavity is designed to be star-shaped so that each side wall is com-
osed of two thin plates. 

The star-shaped HR consists of two parts: the rubber side walls of the
avity and the hard base with a thin neck, as shown in Fig. 1 (b). The
nner height of the cavity (air part) is H = 5 × 10 -2 m, while the inner di-
meter and height of the neck are 2 r = 12 × 10 -3 mand h = 11 × 10 -3 m,
espectively. The thickness of the cavity is t , the length and width of
he outer cross section are both L , the length and width of the inner
ross section are both l = 5 × 10 -2 m, and the corner angle is 𝜃 = 78.6°.
n order to explore the influence of mechanical loading on the post-
uckling deformation of the star-shaped HR, the Explicit module of the
E software ABAQUS is used for simulation [ 57 , 58 ]. For this purpose,
he incompressible Neo-Hookean hyperelastic model [41] with density

rubber = 1080 kg/m 

3 , Young’s modulus E = 8 ×10 6 Pa and initial shear
odulus 𝜇0 = 1.34 × 10 6 P a are employed. In order to improve the com-
utational efficiency, the 4-node shell element (S4) is used in ABAQUS
odel meshing. It is noted here that, because the thickness of the struc-

ure t used is 4 or 5 × 10 -3 m, which is less than 1/10 of the overall
ize, and the deformation of the structure is mainly bending, using the
hell element without considering the transverse shear deformation is
ufficient to meet the computational accuracy. Without loss of gener-
lity, displacement loading is adopted in the FE simulation, which is
easured by the nominal strain defined by 𝜀 = Δu / H ( Δu is the amount

f deformation along the loading direction and the positive sign repre-
ents compression, while H is the initial height of the air cavity along
he loading direction). 

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

 𝑟𝑢𝑏𝑏𝑒𝑟 = 𝜌𝑟𝑢𝑏𝑏𝑒𝑟 𝑐 𝑟𝑢𝑏𝑏𝑒𝑟 = 

√
𝜌𝑟𝑢𝑏𝑏𝑒𝑟 ×𝐾 𝑟𝑢𝑏𝑏𝑒𝑟 ≈ 890 ×𝑍 0 (1)

here K rubber is the bulk modulus of the rubber, and Z 0 ( = 𝜌0 c 0 ) is the
haracteristic impedance of air, which is equal to the product of air den-
ity and sound speed. The characteristic impedance of rubber is about
90 times of the air, which means the impedance difference between the
wo is very large. Therefore, the inner wall of the soft material can be
egarded as an acoustically rigid wall. In this case, we can only consider
he influence of the deformation caused by the buckling of the wall and
an neglect the vibration effect of the material that might be induced
y the sound. However, if the characteristic impedance is close to the
ir, both effects should be taken into consideration, i.e. a fully-coupled
odel should be established [59] . 

For the star-shaped cavity of the HR made of rubber, we can fix its
ottom and apply a compressive load on its top, as shown in Fig. 1 (c).
he load will induce the post-buckling deformation of the side walls,
hich 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 × 10 -2 m) and the neck ( h = 11 × 10 -3 m), 

inner radius of the neck ( r = 6 × 10 -3 m), thickness of the cavity ( t ), side length of the outer ( L ) and the inner ( l = 5 × 10 -2 m) cross sections, and the corner angle 

( 𝜃 = 78.6°); (c) Applied load and boundary conditions. 
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his regard, the acoustic characteristics of the designed HR can be tuned
y mechanical loading. Moreover, if the post-buckling deformation con-
guration is abundant, such means of mechanical tuning will be very
exible and efficient. 

. Two distinct post-buckling configurations 

The thickness of the plate will affect its buckling deformation. We
ow consider two kinds of cavities with different wall thickness to real-
ze the post-buckling deformation with different topological configura-
ions. Based on the simulation results shown in Fig. 2 (a), it can be noted
hat, when the wall thickness is 4 × 10 -3 m, the cavity mainly experi-
nces two deformation modes when the compression load is applied to
ts top. The first one (Mode 1-I) is characterized by no obvious defor-
ation of its side walls, and only occurs in the early stage of loading,

.e. when the compression load is small. With the increasing of the com-
ression, the phenomenon of mode jump is observed, from the overall
hape-keeping mode to the other mode (Mode 1-II) with two opposite
ide walls concave and the other two convex, as shown in Fig. 2 (b).
hen the wall thickness of the cavity is 5 × 10 -3 m, the modes will be

nterestingly different. In the case of small compression, the mode 2-II
s similar to that of Mode 1-I, with no obvious deformation of the side
alls and hence no obvious change in the shape. When the degree of

ompression increases, mode jump also appears, but the mode (Mode 2-
I) is different from the 4 × 10 -3 m case with all the four deformed walls
onvex, as shown in the figure. Different wall thicknesses bring about
ifferent post-buckling deformation configurations after the mode jump
nder the same compression load, which is critical to the subsequent
uning of the acoustic characteristics. 

For a HR, the volume and height of the cavity are two very important
arameters, which will directly affect its resonance frequency. In fact,
he control of acoustic characteristics via post-buckling deformation is
lso based on this principle, which is the basis of our design. Hence, we
umerically examine the change in cavity volume for the two HRs with
ifferent thickness under the same compression, as shown in Figs. 3 (a)
nd (b). It can be noted that, for the case of t = 4 × 10 -3 m, the cavity
3 
olume decreases with the increase of the compression load. After the
oint of mode jump where 𝜀 = 4.4%, the cavity volume will first increase
lightly, but soon it will decrease again with the compression load. For
he case of t = 5 × 10 -3 m, the situation is quite different: the volume first
ecreases slightly, then increases after a critical value of the load, and fi-
ally decrease again after a second critical value of the load. The volume
hange in the first stage is similar to the case of t = 4 × 10 -3 m, proving
hat the first-stage deformations (Mode 1-I and Mode 2-I) are similar to
ach other when the HR is compressed. When the load reaches a critical
alue 𝜀 = 4.4%, the second-stage mode changes from Mode 2-I for the
ase of t = 4 × 10 -3 m to Mode 2-II for the case of t = 5 × 10 -3 m. In the lat-
er case, the cavity volume increases with the load in the second stage.
owever, after the second critical load 𝜀 = 13.9%, the volume increase
ue to the bulge of the side walls cannot make up for the volume loss due
o the whole shortening. Thus, the cavity volume decreases again with
he load in the third stage. It should be noted that the observed post-
uckling deformations of the soft HR with two different thicknesses are
nly for the case that its bottom is clamped and its top is uniformly com-
ressed. If the structure is loaded unevenly, other post-buckling modes
ould 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
an be found that with the increase of the compression load, the strain
nergy increases approximately linearly. Meanwhile, the kinetic energy,
hich is caused by the loading mode adopted in the simulation, is far

ess than the strain energy so that the loading process keeps to be quasi-
tatic. 

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

Combining these two HRs with different thickness, we can achieve
 flexible mechanical control of some acoustic phenomena at certain
requencies. Moreover, due to the resilience of soft hyperelastic mate-
ials 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 𝜀 is around 0.04; 

(b) When t = 4 × 10 − 3 m, the two opposite side walls are concave, and the other two are convex, while for t = 5 × 10 − 3 m, all the four side walls are convex. 
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epeatable and of wide range, differing from the traditional Helmholtz
bsorber that is made of hard materials. 

. Theoretical basis for the HR absorber 

Consider the equivalent impedance of a single star-shaped HR firstly.
he star-shaped HR consists of a cavity and a narrow neck, with their
eights being H and h , respectively. Denote A c and A n as the cross-
ection areas of the cavity and the neck, respectively. In order to simplify
he calculation, the cross-section area of the cavity here is the effective
ne, defined by A c = V c / H c , where V c and H c are the volume and height
f the cavity, respectively, both varying with the load. 
4 
According to the duct-acoustics theory[60], the effective dynamic
ensity and effective modulus are given by 

𝑗 ( 𝜔 ) = 𝜌0 

( 

1 − 𝑖 
𝛿

2 Λ𝑗 

) 

, 

 𝑗 ( 𝜔 ) = 𝐵 0 

( 

1 + 𝑖 
𝛿

2 Λ𝑗 

𝛾 − 1 √
Pr 

) 

, 

(2) 

here Λj = V j / S j is the characteristic length (the subscript j = n or c
o denotes the neck or cavity respectively), S j is the side surface of
he duct (neck or cavity), which is approximately a constant, and V j 

s 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 × 10 − 3 m; (b) t = 5 × 10 − 3 m. The color represents the magnitude of the displacement, with red and blue corresponding to 

the maximum and the minimum, respectively. 
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𝐺  
ous friction between the air and the inner wall surfaces of the neck
nd cavity, which needs to be considered. In Eq. (2) , the viscous bound-
ry layer 𝛿 = 

√
2 𝑣 ∕ 𝜔 ≪ 2 𝑟 , the adiabatic index 𝛾= 1.4 and the Prandtl

umber Pr = 𝑣 ∕ 𝜒 , where 𝜔 is the frequency of the sound wave, the
inematic viscosity v = 1.5 × 10 − 5 m 

2 /s and the thermal diffusivity
= 1.9 × 10 − 5 m 

2 /s. The air density and modulus are 𝜌0 = 1.2kg/m 

3 

nd B 0 = 141.2 × 10 3 P a, respectively. The above material constants can
e found in Ref. [1] . Then, the effective impedance Z j and wave vector
 j are given by 

 𝑗 = 

√
𝜌𝑗 𝐵 𝑗 ∕ 𝐴 𝑗 , 

 𝑗 = 𝜔 

√
𝜌𝑗 ∕ 𝐵 𝑗 . 

(3) 

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

 

′ = − 𝑖 𝑍 𝑐 cot 
(
𝑘 𝑐 ℎ 

)
, 

 HR = 𝑍 𝑛 

𝑍 

′ + 𝑖 𝑍 𝑛 tan 
[
𝑘 𝑛 ( 𝐻 + Δ𝑙 ) 

]
𝑍 𝑛 + 𝑖𝑍 

′ tan 
[
𝑘 𝑛 ( 𝐻 + Δ𝑙 ) 

] . (4) 

here the end correction [31] is made by adding a length Δl , which is
elated to the pressure radiation at the discontinuous interface. For a
5 
R placed on the side wall of a waveguide, there are two discontinu-
us interfaces, one is the interface between neck and cavity of HR, and
he other is the interface between neck and waveguide. Therefore, the
orrection length Δl consists of two parts Δl 1 and Δl 2 , the former is re-
ated to the configurations of neck and cavity [61] , while the latter is
elated to the geometric parameters of neck and waveguide [62] , which
re given by 

𝑙 1 = 0 . 82 

[ 

1 − 1 . 35 
𝑟 𝑛 

𝑟 𝑐 
+ 0 . 31 

( 

𝑟 𝑛 

𝑟 𝑐 

) 3 
] 

𝑟 𝑛 , 

𝑙 2 = 0 . 82 

[ 

1 − 0 . 235 
𝑟 𝑛 

𝑟 𝑡 
− 1 . 32 

( 

𝑟 𝑛 

𝑟 𝑡 

) 2 
+1 . 54 

( 

𝑟 𝑛 

𝑟 𝑡 

) 3 
− 0 . 86 

( 

𝑟 𝑛 

𝑟 𝑡 

) 4 
] 

𝑟 𝑛 , 

(5) 

here the effective radii 𝑟 𝑐 = 

√
𝐴 𝑐 ∕ 𝜋, 𝑟 𝑛 = 

√
𝐴 𝑛 ∕ 𝜋 and 𝑟 𝑡 = 

√
𝐴 𝑡 ∕ 𝜋 ( A t 

s the cross-section area of the waveguide). So the additional lengths
t both ends are corrected as Δl = Δl 1 + Δl 2 . In an acoustically reso-
ant system with resonance frequency Ω, the surface response function
Green function) of a resonator can be expressed as 

 = 

𝜉

𝑝 
(6)
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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 × 10 − 3 mand t = 5 × 10 − 3 m, respectively. In the calculation, the 

length and width of the cross section of the uniform waveguide are both l tube = 5 × 10 − 2 m. 
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here p is the actual sound pressure and 𝜉 is the magnitude of displace-
ent response of the air particle. Because the impedance of the res-

nator can be expressed as 

 = 

𝑝 

𝑢 
= 

𝑝 

𝑖𝜔𝜉
= 

1 
𝑖𝜔𝐺 

(7)

Eq. (6) can be rewritten as 

 = 

1 
𝑖𝜔𝑍 

(8)

For a plane wave in air, the real part of the Green function is non-
issipative, and its dissipative imaginary part Im ( 𝐺) corresponds to the
eal part of the impedance Re ( 𝑍) . Moreover, the function of G can be
enoted as a Lorentz form, that is, at the resonance frequency, there will
e a peak in the imaginary part, which means the dissipation reaches the
aximum and Re ( 𝑍) is zero [63] . In view of this property, the resonance

requency of the star-shaped HR can be found at the position of the peak
f Im ( 𝐺) , with G being calculated from the impedance: 

 = 

1 
𝑖𝜔 𝑍 𝐻𝑅 

(9)

We now use both the above theoretical formulae and the FE simu-
ation to explore the influence of the compression load on the acoustic
roperties of the soft star-shaped HR. The model is shown in the Fig. 4 ,
hat it, a star-shaped HR is placed on the side wall of a uniform waveg-
ide with the side length l tube = 5 × 10 − 2 m of the cross section, and the
ncident wave is incident from one end of the waveguide. The results
re shown in Fig. 4 . 

It is noted that, the variation of the resonance frequency of the soft
tar-shaped HR with the compression load is basically consistent with
he variation of the volume. When t = 4 × 10 − 3 m, the resonance fre-
uency of the HR increases with the increase of the load, and the res-
nance frequency ranges from 388Hz to 440Hz when 𝜀 varies from 0
o 0.02. Similarly, when t = 5 × 10 − 3 m, the varying trend of the res-
nance frequency is also consistent with the volume, which first in-
reases, then decreases, and finally increases. The frequency range is
73-394Hz, which is relatively narrow. However, the variation of the
atter, which is not monotonic, is much richer than the former. 
6 
In order to design a ventilated and mechanically tunable sound ab-
orption device, the star-shaped HR is mounted on the side wall of a
aveguide. It should be noted that for the case of one beam incident
ave, the absorption of an individual dipole or monopole will not ex-

eed 50%, which has been proved theoretically [64] . Therefore, in order
o obtain high absorption, two HRs need to be mounted on the side wall.
s shown in Fig. 5 (a), the system consists of a two-port waveguide and

wo star-shaped HRs. The geometrical parameters of the waveguide are
onsistent with those mentioned above, l tube = 5 × 10 − 2 m, and the dis-
ance d between the centers of the two HRs is 5.6 × 10 -3 m. The wall
hickness of the first HR on the left is 4 × 10 -3 m, and that of the second
ne is 5 × 10 -3 m. The compression loads applied on them are 𝜀 1 and 𝜀 2 ,
espectively. When two star-shaped HRs are set on the side wall of the
aveguide, the overall acoustic characteristics (reflection R , transmis-

ion T and absorption A ) of this system can be calculated by the transfer
atrix method [29] : 

 𝑎𝑙𝑙 = 𝑇 𝐻𝑅 1 𝑇 𝑚𝑖𝑑− 𝑡𝑢𝑏𝑒 𝑇 𝐻𝑅 2 (10) 

here the concrete forms of the contributing matrices are obtained by

 𝐻𝑅𝑚 = 

[ 
1 0 

1∕ 𝑍 𝐻𝑅𝑚 1 

] 
, 

 𝑚𝑖𝑑− 𝑡𝑢𝑏𝑒 = 

[ 
cos ( 𝑘𝑙) 𝑖 𝑍 0 sin ( 𝑘𝑙) 

𝑖 sin ( 𝑘𝑙)∕ 𝑍 0 cos ( 𝑘𝑙) 

] 
. 

(11) 

here m = 1, 2, representing the sequential number of the HR, T HRm 

is
he transfer matrix of the m-th HR and T mid − tube is the transfer matrix
f the intermediate impedance tube between the two HRs (red shadow
art in Fig. 5 a). Then, we can get the reflectance and transmittance as
ollows: 

 

+ = 

||||− 𝑇 11 + 𝑇 12 ∕ 𝑍 0 − 𝑍 0 𝑇 21 + 𝑇 22 𝑇 11 + 𝑇 12 ∕ 𝑍 0 + 𝑍 0 𝑇 21 + 𝑇 22 

||||
2 
, 

 

− = 

|||| 𝑇 11 + 𝑇 12 ∕ 𝑍 0 − 𝑍 0 𝑇 21 − 𝑇 22 𝑇 11 + 𝑇 12 ∕ 𝑍 0 + 𝑍 0 𝑇 21 + 𝑇 22 

||||
2 
, 

(12) 

 

+ = 𝑇 − = 

|||| 2 𝑒 𝑖𝑘𝐿 
𝑇 + 𝑇 ∕ 𝑍 + 𝑍 𝑇 + 𝑇 

||||
2 
, (13)
11 12 0 0 21 22 
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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. 
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here T mn ( m = 1, 2, n = 1, 2) represent the elements of the total trans-
er matrix T all in Eq. (10) , the sign of ‘ + ’ indicates that the incident
ound wave incidents from the left side of the waveguide, as shown in
ig. 5 (b), and the sign of ‘ − ’ denotes the incident wave is coming from
he right side of the waveguide, as shown in Fig. 5 (c). R and T are the
eflection and transmission coefficients, respectively. Then, according
o the energy conservation principle, the absorptance can be obtained
s 

 

+ = 1 − 𝑅 

+ − 𝑇 + , 

 

− = 1 − 𝑅 

− − 𝑇 − , 
(14) 

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

. Mechanically tunable sound absorber 

Based on the theoretical basis presented in the previous section,
symmetric sound absorption and multi-frequency perfect sound ab-
ig. 6. The system with asymmetric sound absorption: (a) Asymmetric sound absorpt

R2, respectively, and the compression loads on them are 𝜀 1 = 0.1 and 𝜀 2 = 0.08, respe

 A ) coefficients of the system with the incident wave frequency when the sound wa

olors respectively; (c) The variation of T, R and A of the system with the incident w

nd lines in (b) and (c) represent the results of FE simulation and the theoretical resu

7 
orption can be realized by applying different compression loads on the
op of the two star-shaped HRs. 

.1. Asymmetric sound absorption 

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

Consider for instance the case that the load 𝜀 1 = 0.1 is applied to
R1 with t = 4 × 10 − 3 m, and the load 𝜀 2 = 0.08 is applied to HR2
ith t = 5 × 10 − 3 m, as shown in Fig. 6 (a). When the incident sound
ave enters from the left side of the waveguide, the transmission co-

fficient T , the reflection coefficient R and the absorption coefficient A
f the system are shown in the Fig. 6 (b), where the circles are the FE
esults (using Pressure Acoustic-Thermoacoustic interaction, frequency
omain module in COMSOL Multiphysics), and the lines represent the
heoretical results. The simulation results are in good agreement with
ion device composed of two soft star-shaped HRs. From left to right are HR1 and 

ctively; (b) The variation of the transmission ( T ), reflection ( R ) and absorption 

ve is incident from the left port, which are represented by black, blue and red 

ave frequency when the sound wave is incident from the right port. The circles 

lts, 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 0 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 | v y | 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. 
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he theoretical ones. There is an absorption peak at 380Hz, the value of
hich is about 96.1%, almost approaching 100%. The transmission co-
fficient there is about 3.3%, and the reflection is about 0.6%. However,
hen the sound incident is from the opposite side, as shown in Fig. 6 (c),

he reflection coefficient reaches 81.2% at the same frequency, which
eans that most sound energy is reflected rather than absorbed. The

ransmission coefficient is also 3.3%, and the absorption coefficient is
nly 15.5%. 

Different compression loads can be applied to the soft star-shaped
Rs with different thickness to make them have different post-buckling
eformation configurations. Then the same incident wave can be inci-
ent from different ports to get different sound absorption effects. As
ndicated in the above example, the incident wave enters from the left
ide will encounter an almost perfect high absorption. On the contrary,
he right one will encounter a high reflection, and a greatly reduced
bsorption. Thus, the designed system can be tuned mechanically to
chieve the asymmetric sound absorption. 
8 
From the sound pressure field ( Figs. 7 (a) and 7(b)) and the velocity
eld ( Figs. 7 (c) and 7(d)) at 380Hz, it is found that, when the sound is

ncident from the left port, the two star-shaped HRs are highly excited
t this frequency, and most of the energy is localized inside the neck
f HRs, where a high energy density can be identified. Moreover, the
elocities of the air particles in the neck are much higher than those
n the cavity, which make the energy easily dissipate by the friction. In
his regard, the purpose of absorption can be achieved. In addition, from
he velocity directions of the air particles (white arrows in Fig. 7 (c)), it
an be found that the velocity directions near the two HRs are opposite,
nd the incident wave will be trapped in the tube between the two HRs
ntil the energy is dissipated. This interesting factor also contributes
o the near total absorption characteristic. On the contrary, when the
ound wave with the same frequency is incident from the right side,
nly HR2 is excited, as shown in Fig. 7 (b). In this latter case, the ve-
ocity directions of the air particles near the two HRs are the same,
s 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 

loading combinations: (a) The change of 

absorption with frequency when both HRs 

are unloaded; (b) The change of absorp- 

tion with frequency for different combina- 

tions of compression loads on the two HRs; 

(c) The sound pressure distributions for the 

load combinations in (b). The circles in (b) 

represent the results of FE simulation and 

the lines represent the theoretical results. 
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ated, and most of the sound wave is reflected, resulting in a small
bsorption. 

This phenomenon can also be explained using the effective acoustic
oundary. As we all know, in acoustics, surface impedance is used to
easure the “softness ” of a boundary. If the surface impedance is close

o 0, it can be equivalent to a soft boundary, which means the small-
st transmission and the strongest reflection at the boundary. In order
o observe the difference in the impedance in the waveguide between
wo incident directions, the dimensionless impedance at the frequency
80Hz is depicted in Figs. 7 (e) and 7(f). The dimensionalization is made
n terms of a ratio with respect to the air impedance ( Z 0 = 𝜌0 c 0 ). Also, the
orresponding distributions of the absolute value of sound pressure and
9 
ir particle velocity along the central axis of the waveguide are shown
n Figs. 7 (g), 7(h) and Figs. 7 (i), 7(j), respectively. From the results in
igs. 7 (e), 7(g) and 7(i), we can see that, when the incident wave is
ncident from the left side, Z / Z 0 = 1 near HR1. That is, the impedance
atching condition is satisfied, and the acoustic wave enters into the re-

ion between the two HRs. At HR2, Z / Z 0 = 0, the sound pressure | p | = 0,
nd the displacement velocity | v | is at the anti-node point, which can
e regarded as a soft boundary, where a high reflection exists. Hence
he sound energy can be continuously dissipated between the two HRs
o achieve a high absorption. However, when the incident wave is in-
ident from the right side, as shown in Figs. 7 (f), 7(h) and 7(j), Z / Z 0 
t HR2 is equal to 0, | 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. 

Compression load 

on HR1 𝜀 1 (%) 

Compression load 

on HR2 𝜀 2 (%) 

Frequency of 

absorption 

peak f (Hz) 

Absorption 

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

.2. Perfect sound absorption at different frequencies 

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

As shown in Fig. 8 (a), when both HRs are not loaded, i.e., 𝜀 1 = 𝜀 2 = 0,
nd the incident wave is from the right side, there is an absorption peak
t 357Hz with the absorption of 42.3%, less than 50%. Moreover, after
65Hz, the absorption is always less than 10%, and there is almost no
ound absorption effect. 

However, when we apply different compression loads on the top of
he two HRs, the absorption can reach more than 90%, as shown in
igs. 8 (b) and 8(c). The detailed values are given in Table 1 . It can be
een from the results (both numerical and theoretical) that in the range
f 365-430Hz, the absorption is less than 10% when no compression
oad is applied to the HRs. When the appropriate compression loads are
pplied to the two HRs, both resonators resonate strongly ( Fig. 8 (c)),
nd the absorption of the whole system will become more than 90% at
ome frequencies. It means that we can achieve high sound absorption
hen the loads are applied on the two HRs, even sound absorption at

his frequency is very low when the HRs are unloaded. This kind of
ound manipulation can be realized in real time via repeated loading and
nloading of soft materials, without the need to change the HRs. In other
ords, the multi-frequency sound absorption switch can be realized by

he means of mechanical control. 
Of course, if the number of soft HRs is increased, the tunable fre-

uency range could be further widened, and multi-frequency perfect
ound absorption under the specific loading combination could be re-
lized. In addition, the perfect sound absorber can exhibit the phe-
omenon of asymmetric sound absorption. The reader is referred to Ap-
endix B and Appendix C respectively for some selected results and the
iscussions. 

. Conclusions 

In summary, we have designed a novel kind of star-shaped HR made
f soft hyperelastic materials. Placing the soft HRs on the side of acous-
ic waveguide yields a ventilated and mechanically tunable sound ab-
orber. By applying a compression load on the top of HR, the absorber
an exhibit perfect absorption and asymmetric sound absorption at cer-
ain frequencies. The following main contributions have been made in
his 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
10 
with different volumes and configuration changes under the contin-
uous loading of compression. 

2) 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. 

3) 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. 

4) 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. 

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