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Reconfigurable sound anomalous 
absorptions in transparent 
waveguide with modularized multi-
order Helmholtz resonator
Houyou Long1, Ying Cheng1,2 & Xiaojun Liu   1,2

Helmholtz resonators offer an ideal platform for advanced sound absorbers, but their utility has been 
impeded by inherent frequency range limitations and the lack of function reconfiguration. Here, 
we introduce a multi-order Helmholtz resonator (MHR) that allows multiple monopolar resonant 
modes theoretically and experimentally. The combination of these modularized MHRs further creates 
reconfigurable multi-band anomalous absorbers in a two-port transparent waveguide while maintaining 
undisturbed air ventilation. In asymmetric absorption state through coupling of artificial sound soft 
boundary with preposed MHR, sound energy is almost totally absorbed in multiple frequency ranges 
when sound waves are incident from one side while it is largely reflected back from the opposite side. 
Interestingly, the original asymmetric absorber would turn into symmetric bidirectional absorber if one 
post MHR concatenates after the soft boundary. Using combination of identical MHRs, we demonstrate 
function selective asymmetric/symmetric absorber in multi-bands, highlighting the potential to use 
MHRs in the design of diverse devices for more versatile applications.

Owning to the excellent characteristics of manipulating low-frequency sound waves with subwavelength dimen-
sion, the acoustic metamaterials based on traditional Helmholtz resonator (THR) have emerged as an attractive 
option in various fields such as sound proofing1,2, asymmetric sound transmission3, sound metadiffusers4, and 
acoustic superlens5,6 et al. However, many challenges have impeded the in-depth implementation of THR-based 
devices, including the frequency range limitations of strongly resonant devices, as well as adding reconfiguration 
to the devices. For example, the THR supports only one monopolar resonant mode and the constructed func-
tional devices work at a single narrow band. Thus, the absorber based on identical THRs demonstrates only one 
absorptive peak7–13, let alone the function reconfiguration. A wide range of solutions to the operation frequency 
range problem have been presented in the literatures9,14,15, which involve the incorporation of many different 
THRs into the metamaterial devices and the combination of their respective frequency ranges. Additionally, 
many tuning techniques also span from active piezoelectric elements introduced into the THRs16 to passive con-
stituent membranes17 that change acoustic response under specific tension stimuli. All approaches are at the cost 
of increasing fabrication complexity and expense.

In this work, we mitigate the above limitations posed by the operational frequency range and reconfiguration 
effectively through the proposed multi-order Helmholtz resonator (MHR). The MHR demonstrates multiple 
monopolar resonant modes which exhibit effective negative bulk modulus. Based on these identical modularized 
MHRs shunted in a double-port open waveguide, reconfigurable anomalous sound absorbers are constructed 
which can function as asymmetric and symmetric absorber, respectively. In the asymmetric system, the sound 
waves impinged from one port are nearly perfectly absorbed while from another port are largely reflected. The 
asymmetric absorptions originate from the anomalous reflections dominated by matched/mismatched surface 
impedances since the transmission are reciprocal. We emphasize that differing from the previous scheme18–20 
which requires two slightly detuned resonators, the artificial soft boundary constructed here are based on iden-
tical MHRs. Therefore, the anomalous absorptions have been extended to multiple bands due to the advanced 
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characteristics of the multi-band resonances of MHR. This asymmetric absorber can be conveniently reconfig-
ured into a symmetric bidirectional absorber which can absorb the sound waves impinged from the both sides 
effectively.

Results
Multi-order Helmholtz resonator.  We propose a type of variant Helmholtz resonator which can generate 
multi-order resonances while retaining monopolar characteristic. Figure 1(a,b) show the schematic view of the 
THR2 and the proposed MHR, respectively. The MHR is constructed by neck-and-cavity sub-structures of N 
elements arranged in a cascade way. Dn and Dc are the diameters of the cylindrical necks and cavities; ln = Ln/N 
and lc = Lc/N are their lengths. According to the lumped-parameter theory, the TMR and MHR can be equivalent 
to a spring-oscillator model depicted by the analogous electric circuit in the insets of Fig. 1(a,b), respectively. For 
THR, the neck is equivalent to the acoustic inductor with ρ=M L S/n nTHR 0  and the cavity is equivalent to the 
acoustic capacitor with ρ=C S L c/c cTHR 0 0

2, where π=S D /4n n
2  and π=S D /4c c

2 . The corresponding equivalent 
parameters of MHR are =M M N/a THR  and =C C N/a THR . Additionally, the viscosity and radiation losses pro-
duced by the intensive scattering at resonance function as effective viscous and radiated resistor. Therefore, we can 
qualitatively elaborate that the MHR with N neck-and-cavity sub-structures could induce N discrete resonant 
modes. The quantitative analysis are as follows: taking the viscothermal losses into account, the complex wave 
number and impedance in the cylindrical tubes21,22 can be expressed as γ χ= + + −ω β( )k 1 (1 ( 1)/k c s0 k

 and 

γ χ= + − −
ρ β( )Z 1 (1 ( 1)/ )

c

S sk
0 0

k k
, where δ=rs ( / )k k  is a defined parameter and π=S r( )k k

2  is the area of corre-
sponding tube (k = n for the neck and k = c for the cavity). δ μ ρ ω= 2 / 0  is the thickness of viscous boundary 
layer with μ = 1.568 × 10−5 m2/s being the viscosity of air. χ = Pr  with Pr (=0.702) is the Prandtl number under 
standard atmospheric pressure, β = − j(1 )/ 2  (j is the imaginary unit), and γ = .1 4 is the heat capacity ratio of 
air. Thus, the impedance of the MHR can be obtained as =Z M M(1, 1)/ (2, 1)MHR total total , where Mtotal is the total 
transfer matrix relating the sound pressure and velocity at the entrance and terminal of the MHR (see Methods 
for details).

In order to demonstrate the resonant characteristics of the MHR, we take a sample MHR with two layers of 
neck-and-cavity sub-structures for illustration (see inset of Fig. 1(c)), and the transmittance of MHR shunted in 
a straight transparent waveguide is shown in Fig. 1(c). The geometric parameters are listed in Table 1 (Sample 
1). The theoretical (orange solid line), simulated (orange crosses) and experimental (orange circles) results are of 
good consistence. It is seen that there present two transmission valleys at 356 Hz and 963 Hz corresponding to the 
two resonant modes of the MHR, which confirm the theoretical prediction. For comparison, the transmittance 
of the THR with doubled neck length and cavity length is also plotted by olive dashed line and only one resonant 
mode is supported. Hence, the MHR exhibits improved abundant modes than the THR, and the number of 
modes is determined by the resonant order N. Moreover, the retrieved effective bulk modulus of the MHR (see 
Fig. 1(d)) turns negative at resonances, implying that all the resonances are in monopolar modes.

Reconfigurable sound absorbers.  Furthermore, we achieve reconfigurable anomalous absorption in a 
transparent acoustic waveguide by implementing the proposed modularized MHRs. We start from the effective 
soft boundary formed by mounting four parallel MHR in the waveguide sides, as shown in Fig. 2(a). The four 

Figure 1.  2D cross-section and 3D view of (a) the THR and (b) the MHR (a quarter of the complete structure). The 
insets show the corresponding effective electric circuit models. (c) The transmittances of the MHR with N = 2 (the 
orange solid line) and the THR (the olive dashed line) for reference. (d) The effective bulk modulus of the MHR.

Dn (mm) ln (mm) Dc (mm) lc (mm) N

Sample 1 13 11 50 29 2

Sample 2 15.4 11 50 19 4

Table 1.  Geometric parameters of the MHRs.
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parallel-mounted MHRs is equivalent to a virtual ultrathin surface with impedance =Z Z /4para MHR  (sketched by 
the brown surface in the inset of Fig. 2(a)), where the relative impedances Zpara and ZMHR normalized by air are 
plotted by lines and symbols, respectively. Note that Zpara = (0.02–0.005i)Z0 = (8.3–2.49i) kg/m2s at the resonant 
frequency of 356 Hz while Zpara = (0.09–0.004i)Z0 = (37.35–1.66i) kg/m2s at 963 Hz, which are far smaller than 
that of air (Z0 = 415 kg/m2s), as shown in the insets. Thus, the parallel-mounted MHRs can serve as a “soft” effec-
tive boundary at the two resonant frequencies. In addition, the system functions as a point symmetric scatterer, 
and the absorptance is constrained at 0.5 due to the continuity of sound pressure at the impedance surface10, i.e., 
the absorptance are 0.25 and 0.48 at the corresponding resonant frequencies. To break the limitation, a single 
MHR is mounted before the parallel-mounted MHRs as shown in Fig. 2(b). The system functions as an asymmet-
ric absorber: (1) when sound waves impinge from the left port (as sketched by I+ in the inset), the sound energy 
are neither transmitted ( →+T 0) nor reflected ( →+R 0), and the system produce resultant near-perfect 
absorptance instead. (2) On contrary, the sound waves radiated from the right port (I-) has little transmittance 
( →−T 0) but large reflectance ( →−R 1), and the absorption in this case is weak consequently. Here, the sub-
scripts (+/−) stand for the propagation directions, i.e., “+” is for sound waves radiating from the left port (the red 
arrow) and “−” from the right port (the blue arrow). Furthermore, by connecting another MHR symmetrically 
behind the soft boundary as shown in Fig. 2(c), the original asymmetric absorptive system turns into a mirror 
symmetric one. Due to the shared soft boundary at the symmetric center, the system can efficiently absorb the 
sound energy radiated from both ports.

Transfer matrix analyses are further employed to demonstrate the reconfigurable extraordinary absorptions 
of the systems quantitatively. For the asymmetric system depicted in Fig. 2(b), the sound pressures and velocities 
in the input port and the exit port can be related by the transfer matrixes =T T T TMHR tube para , where 
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 are the transfer matrixes of MHR, 

parallel-mounted MHRs and tube section. Here l is the distance between preposed MHR and the soft boundary. 
After some algebra, the pressure transmission and reflection coefficients are expressed as

t e
T T Z T Z T
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Therefore, the absorptances can be obtained as = − | | − | |+ +A r t1 2 2 and = − | | − | |− −A r t1 2 2, respectively. 
Similarly, in the symmetric system shown in Fig.  2(c), the total transfer matrix turns into 

Figure 2.  (a) 3D view of the artificial sound soft boundary (as sketched by the brown surface) constructed 
by parallel connecting four MHRs in a straight transparent tube and the impedance of the MHR (ZMHR) and 
parallel-mounted MHRs (Zpara). (b) and (c) are corresponding for the 3D views of the asymmetric absorber and 
symmetric absorber.
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=T T T T T TMHR tube para tube MHR and the corresponding coefficients can be achieved by equations (1–3) as well. In 
this case, r− equal to r+ since the elements of the transfer matrix satisfy the relationship of T11 = T22, which leads 
to the identical absorptances from the two ports consequently.

Asymmetric absorber.  Considering the reciprocal transmittance in the system, the asymmetric absorptions are 
dominated by the asymmetric reflectance expressed as = | − − |±

± ±R Z Z Z Z( )/( )s s0 0
2, where ±Zs  is the surface 

impedances deduced from the transfer impedance formula and the superscripts (+/−) stand for the propagation 
directions (left/right). Figure 3(a) shows the surface impedance of the case when sound waves impinging onto the 
system from the left port, in which the lines and symbols are for the theoretical and experimental results. It is seen 
that the impedance tends to match that of air at resonances and the system has achieved the near-zero reflectance, 
i.e., 1.5% at 342.6 Hz and 3.3% at 952 Hz. Meanwhile, the transmittances are also near zero (4.6% and 3.6% at the 
corresponding frequencies) and consequently, the nearly-perfect absorptance can be achieved as presented in 
Fig. 3(b). The theoretical (experimental) absorptances are 93.9% and 93.1% (92.5% and 93.8%), respectively. In 
this case, the little reflection is due to the well-matched surface impedance with that of air and the near-zero 
transmission is supported by the soft boundary. However, when sound waves radiate from the right port, the 
impedances approaches zero as shown in Fig. 3(c) and the sound waves are largely reflected by the system with the 
reflectance of 80.9% and 61% at corresponding resonant frequencies. As a result, the theoretical (experimental) 
absorptances are minute to be 14.5% and 35.4% (30.7% and 36.6%) as demonstrated in Fig. 3(d). Thus, an asym-
metric absorber in a two-port transparent straight waveguide with air ventilation has been built. Moreover, due 
to the near-zero reciprocal transmittances, the system also plays the role of a bidirectional sound insulator. We 
emphasize that the asymmetric absorber here is due to the hybridization of the bright mode (produced by the four 
parallel-mounted MHRs) and dark mode (induced by the single preposed MHR)23, which is physically different 
from the ones relying on the hybridizations of the two slightly detuned dark modes in previous works19,20. (see 
Section Discussion for detailed comparison).

In order to illustrate the mechanism of asymmetric absorption intuitively, the sound pressure |p| and velocity 
|v| distributions at the first peak (342.6 Hz) are depicted in Fig. 3(e,f), respectively. In the case of sound radiation 
from the left port, the sound energy is largely localized (top panel of Fig. 3(e)) and consumed in the preposed 
MHR as seen from the velocity distribution (middle panel of Fig. 3(e)). The sound pressure node and velocity 
antinode distribution at the central line of the waveguide (bottom panel of Fig. 3(e)) confirms that a soft bound-
ary is formed near the parallel-mounted MHRs. However, when sound waves are radiated from the right port, 
just a small part of sound energy is trapped by the system and little energy is attenuated as seen from Fig. 3(f). 

Figure 3.  Normalized surface impedance of (a) the left side and (c) the right side of the asymmetric absorber 
where lines and symbols are for the theoretical and experimental results, respectively. (b–d) The corresponding 
reflectance (blue dashed lines/symbols), transmittance (olive dotted lines/symbols) and absorptance (orange 
solid lines/symbols). (e) and (f) are for the sound pressure and velocity when sound waves radiate from the left 
and right port, respectively.
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Moreover, the right half tube presents the characteristics of strong standing wave as seen from the |p| profile, 
which implies that the sound pressures are largely reflected. In summary, the parallel-mounted MHRs physically 
behave a ‘virtual’ backed wall.

Symmetric absorber.  Similarly, the normalized surface impedance of the symmetric absorber (see Fig. 2(c) for 
schematics) is shown in Fig. 4(a), which matches that of air at resonances. Therefore, the reflected sound waves 
are almost cancelled and the absorptances of 86.7% and 95.3% at 344 Hz and 951 Hz in theoretical (90.9% and 
97.9% at 348 Hz and 966 Hz in experimental) are achieved, as shown in Fig. 4(b). Figure 4(c) shows the sound 
pressure and velocity distributions in the symmetric system (take the case of sound waves incident from the left 
port for example) at the first absorptive peak. The sound energies are largely localized in the left MHR (top panel) 
since the soft boundary (bottom panel) block the sound waves to transmit though the right half tube. The sound 
energy has been attenuated in the left preposed MHR as seen from the velocity distribution (middle panel). 
Therefore, the right rear MHR makes no substantive influences on the absorptances and the symmetric absorptive 
system can be viewed as the combination of two asymmetric absorbers with a shared soft boundary.

Four-band anomalous absorbers.  Since the proposed reconfigurable absorptive systems rely on the 
identical modularized MHRs, multi-band asymmetric and symmetric absorptions can be achieved if the res-
onator can support multiple resonant modes. Here, we employ the MHR with four layers of neck-and-cavity 
sub-structures and the parameters are listed in Table 1 (Sample 2). The four-band asymmetric absorptions are 
shown in Fig. 5(a) where the orange solid line is for the absorptance when sound waves radiating from the left 
port and the olive dashed line for radiating from the right port. The absorptive peaks are 88.5%, 85.5%, 86.3%, 
90.7% at 276 Hz, 819 Hz, 1300 Hz, 1634Hz in theoretical analysis (82.6%, 85.2% 91.3% and 91.9% in experimen-
tal) when sound waves radiating from the left port, while reduced to 13.2%, 24.1%, 36.7%, 60.2% (15.2%, 20.4%, 
48.1%, 63.2% in experimental) when radiating from the right port. Figure 5(b) shows the four-band absorption in 
symmetric system. The theoretical (experimental) peak values are correspondingly 81.2%, 87.1%, 88.3%, 95.7% 
in simulations (82.1%, 85.6%, 96.5%, 93.2% in experiments). Hence, the multi-band asymmetric and symmetric 
absorptions have been achieved.

Figure 4.  (a) Normalized surface impedance, (b) reflectance (blue dashed line/symbol), transmittance (olive 
dotted line/symbol) and absorptance (orange solid line/symbol) of the symmetric absorber. (c) The sound 
pressure and velocity distributions.
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Discussion
We also note that the design and fabrication of advanced sound absorbers, which exhibits superior characteristics 
than conventional sound absorber such as acoustic porous materials24, has attracted considerable interest recently. 
To efficiently absorb the low-frequency sound energy with (deep−) subwavelength structure, a significant num-
ber of resonators have been employed to build up sound absorbers spanning from acoustic membrane17,25,26, 
acoustic metasurface27,28, acoustic split-ring resonator29,30, Mie resonator31, to labyrinthine Fabry-Perot resona-
tor32,33, et al. However, most absorbers are based on single-port systems which need a rigid-backed wall to block 
the sound energy. Although such single-port absorbers can attenuate the sound energy, they also prevent air 
ventilation or light through. Additionally, the coherent perfect absorber (CPA) which demonstrates excellent 
absorptive performances in a common double-port system has been proposed11,34,35. However, the CPA requires 
two incident waves with strictly modified amplitudes and phases radiating from the two ports simultaneously. 
Hence, such CPA are rarely used to absorb sound energy but to be phase detectors34,35. Thus, we emphasize that 
the sound absorbers demonstrated here are in double-port structure with air ventilation while need no coherent 
incidences. These capabilities are valuable in applications such as simultaneously attenuate the noise and dissipate 
the heat produced by the machines.

In summary, we have designed a MHR exhibiting improved abundant modes than the THR and made up an 
artificial soft boundary with four parallel-mounted MHRs. An asymmetric absorber has been constructed by 
hybridizing the soft boundary acting as a bright mode with the single MHR acting as a dark mode, which is phys-
ically different from previous work19 [see Fig. 6(a)]. For clarity, the transmittances of the constructive blocks of 
the corresponding systems are illustrated in Fig. 6(c,d), respectively. The parameters of the Helmholtz resonators 
shown in Fig. 6(a) are listed in ref.19 and the MHRs in Fig. 6(b) are identical with the Sample 1. As seen from 
Fig. 6(c), the resonant frequencies of THR-1 and THR-2 are 397 Hz and 373 Hz, respectively, while the two THRs 

Figure 5.  Multi-band absorptances of the (a) asymmetric and (b) symmetric system using MHR block with 
N = 4.

Figure 6.  (a) 3D view of the asymmetric absorptive system presented in ref.19 and (b) in this work (also see 
Fig. 2(b)). (c) and (d) are the transmittances of corresponding systems.
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have almost the same quality factors = ∆Q f f( /r r) since QTHR-1 = 5.7 and QTHR-2 = 5.3. Therefore, the two THRs 
are dark modes at different frequencies. However, the unit cells of the asymmetric absorber in this work [in 
Fig. 6(b)] have identical resonant frequency while different quality factors as seen from Fig. 6(d). Take the first 
resonant mode as an example, the quality factors are QMHR = 5.7 and Qpara = 1.5 which indicates that the single 
MHR acts as a dark mode while the parallel-connected MHRs as a bright mode according to the coupling-modes 
theory23. Therefore, two asymmetric absorbers have different coupling mechanisms. We also emphasize that the 
soft boundary may become even “softer” if more MHRs are parallelly connected, i.e., parallel mounting N (N > 4) 
MHR in a cylindrical waveguide, and the effect of asymmetric absorptions can be further strengthened.

Moreover, by further cascade a MHR after the parallel-mounted MHRs, the asymmetry breaks and the 
asymmetric absorber turns into a symmetric absorber conveniently. Owing to the characteristics of the mul-
tiple resonant modes of the MHR, the working frequencies are extended to multiple bands. The multiband 
absorption characteristics may prompt potential applications in noise control engineering, i.e., to eliminate the 
low-frequency noises in harmonic frequencies arisen from machines, cars and the high performance servers. The 
asymmetric and symmetric absorber can not only control sound absorption flexibly, but also allow the exchange 
of other mediums such as airflow. Furthermore, considering the multiple subwavelength resonant characteristics, 
the MHR can be utilized to devise versatile acoustic devices such as multi-band sound filter, sound retroreflector 
and topological phononic crystals, et al.36,37.

Method
Theoretical model of MHR.  The theoretical analysis of the MHR is performed by using the transfer matrix 
method (TMM). Figure 7(a,b) show the 2D schematics of the MHR and the effective model, respectively. The rela-
tion between sound pressure and velocity at the neck of the MHR and that at the end of the MHR is expressed as:
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number of the neck, zc and kc are the effective impedance and wave number of the cavity. ln and lc are the length of 
neck and the cavity. ∆M l1 and ∆M l2 stand for the matrixes derived from the pressure radiations at the discontinuity 
from the neck to the cavity and discontinuity from the neck to tube, which are expressed as =
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Considering the sound velocity at the end of MHR is ==v 0x( end) , the impedance at the neck of the MHR can 
be derived as

Figure 7.  (a) 2D cross section of the MHR and (b) its effective model.
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= .Z M M(1, 1)/ (2, 1) (7)MHR total total

Therefore, we characterize the MHR with effective impedance surface to conduct theoretical analysis in this work.

Experimental measurements.  The experimental MHR samples are fabricated with epoxy resin (mass 
density ρ = m1050 kg/e

3 and longitudinal sound velocity =c 2200 m/se ) by 3D printing technology, with a wall 
thicknesses of 3 mm. The straight waveguide with side thickness 8 mm is made by PMMA. Four 1/4 inch con-
densed microphones (Brüel & Kjær type-4939) have been used to record the sound pressure information. The 
experimental measurements are conducted by the two-load method19 in the standard test method ASTM E2611-
09, where hard wall and acoustic sponge (as anechoic boundary) are separately used at the terminal.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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