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Causality constraints are known to bind sound absorption to a limit that can
only be achieved by optimizing the system bandwidth for a specific material
thickness. This limit is defined on the assumption of a one-port system, gen-
erally causing duality symmetry to be overlooked. Here, we define a general-
ized causality constraint of sound absorption by investigating reflection and
transmission of a two-port hybrid monopole-dipole resonator. With our the-
ory, we show that the absorption limit is approached by relying on the well-
established critical coupling as well as by matching effective compressibility
and density. We experimentally show that the designed resonator absorbance
follows the duality symmetry condition embodied in the large bandwidth
reported, confirming an intrinsic connection between duality symmetry and
scattering causality. A comparison with a traditional foam liner and other
competitive works further validates our findings. Our results reveal previously

untapped absorption potential in broadband acoustic metamaterials.

Causality, a fundamental principle underpinning the asymmetry of
unidirectional time flow, governs the upper bound of absorption
integral in passive, linear, and time-invariant materials>. Former
investigations have revealed that achieving perfect absorption at
discretized frequencies requires critically coupled non-Hermitian
resonances at exceptional points®. The manipulation of zeros and
poles on the complex plane of the scattering coefficients follows the
balance between the mode density and quality factors of the inte-
grated resonator units, thus achieving broadband impedance
matching and high absorption. Subsequent key developments have
neared this absorption bound, demonstrated by the broadband
absorption observed in multiple resonance-based metamaterials
across acoustic’, elastic® and electromagnetic domains’. Studying
the absorption bound of causality constraint will guide the
design wave functional devices®*" with optimal broadband perfor-
mance in the laboratory and pave the way for large-scale industrial
applications®.

However, current methodologies neglect a critical question: how
do fundamental symmetries dictate absorption bound throughout the
entire spectrum? We find clues by considering causality constraints
together with duality symmetry”, a fundamental principle embedded in
numerous physics equations. For example, the supersymmetric
Yang-Mills theory reveals that the strong coupling limit is remarkably
equivalent to its weak coupling counterpart, with an interchange of
roles between electric and magnetic charges as delineated by
Montonen-Olive duality'". Maxwell equations are also invariant when
swapping the electric and magnetic fields'®. Also, duality symmetry is
related to the conservation of the helicity of electromagnetic waves,
attributed to the invariant degeneracy of permittivity and permeability
across different geometries. In acoustics, the implications of duality
symmetry are unclear for this context, due to the longitudinal wave
nature, which intrinsically prohibits the helicity”. Although the analogy
of acoustic duality symmetry has been proposed and investigated in the
seminal work" on the subject, the relationship between acoustic duality
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and scattering causality-specifically, its impact on the broadband
absorption bandwidth bound of two-port systems—remains unexplored.

In this study, we have revealed the complement of a previously
established causality constraint>>*'® through a duality transformation.
This facilitates the derivation of a generalized bound for the absorp-
tion integral of passive two-port systems, including both reflection and
transmission coefficients'?°. Formerly known causality constraints,
such as the Rozanov limit' and the Fano-Bode bounds”, along with
some derivative versions’*?, are primarily based on one-port con-
figurations, thereby limiting their applicability. Furthermore, we
noticed that numerous studies®? interpreted their findings through
one-port causality constraints, despite employing two-port experi-
mental setups. In this context, we address this discrepancy by pre-
senting a generalized bound for two-port absorbers, which is at least
double that of one-port absorbers. This provides theoretical insights
into the evident difficulty of achieving broadband high absorption
without a backing condition, compared to the scenarios involving
backing, or the equivalent one-port setup.

Through the construction of a surrogate model with Lorentzian
dispersion, we have analytically demonstrated the equivalence
between fulfilling the proposed bound concerning the preservation of
broadband duality symmetry, which encompasses the overlapped
monopole and dipole resonances, and satisfying the established cri-
tical coupling condition. This condition pertains to the manipulation
of zeros to reside on the real frequency axis by adjusting the system
dissipation. In addition, we have experimentally demonstrated that
broadband duality-symmetric absorption can be achieved through the
overlapped first-order monopole-dipole resonances with the matched
compressibility and density. Notably, by employing the ratio between
the absorption integral and the bound as a figure of merit (FOM), we
show that the developed dispersion-customized meta-absorber sur-
passes not only the traditional foam liner but also some previously
reported two-port sound-absorbing meta-structures®° with compe-
titive absorption performance.

Results

A generalized causality constraint for a two-port absorber
According to refs. 2,5,31 the original causality constraint for a one-port
acoustic absorber is expressed as follows:

L= m(isw@l) G <2 0

Rigid boundary
dxp =0

(a) (b)

Duality
transformation

Fig. 1| Wave scattering setups. a The monopole scattering with symmetrical
pressure fields. b The dipole scattering with anti-symmetrical pressure fields. The
sound fields in either half of the spaces in a, b can be applied to the causality

Soft boundary

Dirichlet BCs

where D represents the sample thickness, c,, K, are the sound speed
and bulk modulus of the background medium (e.g., air or water) and
K(0) denotes the static bulk modulus of the sample. ¢ (0) is the
effective compressibility (the inverse of the normalized bulk modulus).
The variable of integration, dw/w?, is proportional to dA where A
denotes the wavelength. According to energy conservation, the
absorption A(w) is defined as 1 — |S,,(w)[> where S, (w) is the reflection
coefficient. The derivation of Eq. (1) assumes a Neumann backing
condition, which implies either d,p=0 or v=0, corresponding to the
scattering process depicted in the left plane of Fig. 1a. Due to mirror
symmetry (or anti-symmetry), this boundary condition allows for
mapping the pressure field p (or velocity field v) from the left plane to
the right plane. Consequently, Eq. (1) is applicable to acoustic pro-
blems involving symmetrical pressure excitation and S,,(w) becomes
the amplitude of monopole scattering, also referred as symmetrical
coherent perfect absorption”. How to reduce K(0) to relax the
stringent constraint? This has attracted great research interests with
substantial advances in recent publications®**,
The 1D acoustic equations for harmonic waves can be expressed
0 p
0
the local mass density and bulk modulus, respectively. In this context,
we introduce a duality transformation that mixes the pressure and

. . Do\ _ ., P\ _ cos@  iZysinB\ [ p
velocity fields: (v(,)_g(e)(v)_(isine/zo cos 0 v )

where Z,=/poK, (see the detailed derivation on acoustic duality
transformation with arbitrary 6 in Supplementary Note 1). If we apply a
duality transformation with 6=17%, we specifically consider the
exchange p<«—v, py<—K, and peff<—>Keff between Fig. 1a, b. Con-
sequently, the specific impedance is transformed into specific admit-

tance: Z= 2 — Y =7, = & Moreover, in Eq. (1), S, = 755%, which can be

transformed into S, — —S, because 755¢ = — y51/72. Also, the back-

ing condition (d,p=0) in Fig. 1a is also replaced by the Dirichlet one
(p=0) in Fig. 1b. Therefore, the causality constraint for monopole
scattering becomes the complimentary version for dipole scattering®:

o dw _ 21D e (0)
./o fln({Sd((u)\ )(02 T ¢ po @

in a matrix form as: 9, (?) = wo( > (P), where p and K represent

where S;(w) is either the dipole scattering coefficient under anti-
symmetrical excitation, or the reflection coefficient of a soft boundary
absorber [see Fig. 1b]. In particular, in this case, one can afford near

(c) Monopole-dipole resonator

+ QO +
+dD -

ikx

T(w eikx
Petr(w) (@)

Kegr(w)

constraints as per Egs. (1) and (2) (equivalent to the 1-port setup). ¢ The effective
medium description of amonopole-dipole resonator, with generalized 2-port setup
allowing both reflection and transmission.
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unity absorption over a reasonably large frequency range for a thin
absorber, owing to the generally large ratio of "eg—go)“'zz, i.e., the large
imaginary part of p.(w) around the dynamic absorbing frequency
leads to large static and real-valued p.(0), allowed by Kramer-Kronig
relations.

If one linearly superposes the pressure fields from Fig. 1a, b to
cancel the right-side incident waves and renormalizes the left-side
incident field to unity as shown in Fig. 1c, the reflection and trans-
mission coefficients can be expressed in terms of dipole and monopole
scattering coefficients (S,, and S, respectively):

Sm(w) — Sy(w)

T(w)=
S, (@ ES (w)’ 3)
R((l))= m ) d
2
According to the energy conservation and Eq. (3),

1-A@)= R@)? +|T(@)? = 52@L IO 5 |5 (@))|Sy(@)|. The last
relation is derived from the inequality of arithmetic and geometric
means, or more briefly the AM-GM inequality. By converting this
relation into a logarithmic function, we obtain —In(1 — A(w))<—
In(|S,(@)]) — In(|S4(w)]). Based on this, we can combine Eqs. (1) and
(2) to yield a generalized causality constraint

dw 1 [

0 dw
/0 _ln(l_A(w))ESZ . [ln(|5m(w)|)+ln(|Sd(a))|)}ﬁ

< ”_L< Ko +peff(0)> -r,
2c0 \Ketr(0) o

“)

where L =2D (the defined thickness is effectively doubled due to mir-
ror symmetric boundaries) and I is the established bound for the two-
port setup, reflecting the static material properties. Optimal broad-
band absorption is defined by the proposed two-port causality
constraint. Importantly, the fundamental principle lies on the fact that
at long wavelength limit, all 3D scatterings of two-port problems
become specular reflection and plane-wave transmission, defining the
effective compressibility and density. Also, the absorption integral is
dominated by long wavelength scatterings as per the weighting factor
(1/w?). So, the mathematical form of causality constraint inherently
embeds the role of duality for two-port 1D systems.

Certain examples in both 2D and 3D scenarios can be simplified to
a 1D case, provided that the dimensions of the scattering matrix are
equivalent, specifically 2 x 2 (see Supplementary Fig. 7). For instance, a
meta-surface arranged in a periodic layout may absorb perfectly at one
incident angle, but only undergo total retro-reflection at another
angle, referred as extremely asymmetrical absorption®. Although the
radiation channels are based on plane waves (equivalent to scalar
velocity field), there exist vectorial velocity fields in the near-field
region, with non-radiative local modes of the scatterer.

A surrogate model for verifying generalized causality constraint
Our goal in this section is to numerically verify the above derivation
results through a commonly used Lorentzian dispersion models that
conforms to the Kramer-Kronig relations”. Specifically, our surrogate
model adopts effective compressibility and mass density (normalized
by those of background fluid):

K 0o _ Am wrzn
Ker(0) @2, — w? — if0 )
Per(@)_ gy

Po @i —?—ifw

where w,, and w, represent the resonance frequencies, a,, and a,
denote the oscillation strengths, and S,, and S, are the dissipation

factors for monopole and dipole modes, respectively. Analytical
scattering coefficients are derived by substituting Eq. (5)
into the following formulas for general subwavelength two-port
scattering:

K

co+iwD—9

0 Kesr(@)

R

Co —lw Kefr (@)

co +ipPer @)’ ©

S,= _ Po
=—— Po
Co— iwpPet(@)

Po

which satisfies the 5 duality transformation. The derivation of Eq. (6) is
detailed in Supplementary Note 2. By inserting Eq. (5) into Eq. (6), we
equate S,,(w)=0 and S,(w)= 0 (critical coupling conditions for a two-
port absorber), because this is also the sufficient and necessary
conditions for A(w)=1 [as per Eq. (3)]. In this way, we analytically
determine the dissipation factors:

_ &, 02D
_agwiD @
47" 2¢,

B

With the closed-form S, and f,, the critical coupled zeros of
In(|S,,(w)|) and In(|S (w)|) are locked on the real frequency axis. Note
that Eq. (7) is also the equivalent sufficient condition®>*’ of achieving
the upper bounds of one-port causality constraints [Egs. (1) and (2)] for
a one-port single-mode resonator. For multi-resonant systems, Eq. (7)
is not applicable; consequently, the optimal loss must be determined
by considering the mode density distribution®. A theoretical model
based on continuum resonance distribution*” has been developed for
this purpose. In this study, we prefer to utilize the single-mode version
of Eq. (5) to gain insights within a more concise framework.

Next, we can simplify Eq. (4) with 1[5 — [In(|S,(w)|)+
In(|S4(w)|)192 =T. Due to the static frequency-dimension boundary
condition S,,,(0)= — S4(0)=1, as per Eq. (6), the remaining condition to
achieve I' is that

Sn(@)= — S4(w), ®

which satisfies that |, ()| =|S;(w)| from AM-GM inequality. This
condition, which dictates a specific amplitude and phase relationship
between the monopole and dipole scattering coefficients, is the
acoustic equivalent®®* of the Kerker condition, known in electro-
magnetism and leads to a Huygens-source-like radiating or scattering
profile. Electromagnetic superabsorption reported in ref. 40 indeed
serves as an optical counterpart to our study. However,
superscattering® represents a distinct phenomenon that does not
necessitate critical coupling; rather, it maximizes backscattering as
opposed to minimizing it. This effect can be viewed as an anti-effect to
super-absorption, although both phenomena share a common feature:
the alignment of two fundamental resonances, albeit with their phases
reversed.

By substituting Eq. (6) into Eq. (8), we deduce that ideal duality
symmetry mandates the matched effective compressibility and mass
density for arbitrary w:

Ko  _ Peri(@)
—20 o el 9
Keit(@)  Po ©)

In short, if critical coupling conditions are fixed [as per Eq. (7)],
approaching the bound I requires identical scattering amplitudes of
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the monopole and dipole resonances [as per Eq. (8)], but with a
reversed phase (i), which is equivalent to broadband duality sym-
metry condition [as per Eq. (9)]. We prove that to saturate this
causality-induced limit (I'), the overlapping resonance (Kerker) con-
dition must be maintained across frequency, not just at a single point.
This is the concept of broadband duality symmetry.

Utilizing a surrogate model for the monopole-dipole resonator, we
numerically validate Eq. (4) through the construction of three repre-
sentative cases (A, B, C), each conforming to the dispersion profiles in

Figg 2 and the bound defined by the static value
r=zu (Kff?m + pe;ng)) = (@ *+ @q) 2%, according to Eq. (5). To be con-

sistent, I' of the three cases are set to be identical (a,, + a; =2), and the
critical coupling conditions by Eq. (7) are consistently locked in all
subsequent numerical cases [see the critical coupled zeros in Fig. 3b, c].
The parameters of case A, B, C are presented with the following details:
A. Asingle-mode monopole resonator (a,, =1 and w,, = w, for which
the effective bulk modulus K .(w)), and density p.;(w) is constant
(pesr(w)=pg). Although a dipole resonator is also possible, its
absorption spectrum will not change due to the principle of

(a) Case A Case B Case C
2 2 2

3

E 1 1 1

<

=

\é’ 0 0 0

w/wo w/wo w/wo
(b)
2 2 2
<
5 1 1
go 0 0

0 1 2 3 0 1 2 3 0 1 2 3
w/wy w/wy w/wy
Fig. 2 | The dispersion profiles of Lorentzian model. a Effective compressibility
and b density of Case A (a single-mode monopole resonator), Case B (a narrowband
duality-symmetric monopole-dipole resonator), and Case C (a broadband duality-
symmetric monopole-dipole resonator).

duality. As illustrated in Fig. 3a, the absorption at critical coupling
for this monopole resonator peaks at 50%, known as the single-
mode limit®*** for the two-port absorption. The substitution of
the absorption spectrum into Eq. (4) reveals that the calculated
integral (/g — In(1 — A(@)) ‘Z)—”Z’) approaches 58%I.

B. A narrowband duality-symmetric monopole-dipole resonator
(a,,=1.8 anda,;=02, with w,=w;=w,). Here, duality-
symmetric absorption reaches a unity absorption only at the
resonant frequency w,, where S, (wy) =S4 (wo) =0. Upon reap-
plying Eq. (4), the absorption integral calculated remains at 71%T.

C. A broadband duality-symmetric monopole-dipole resonator.
Here, a,, and a, are set to 1, with w,,, and w, also equaling w,),
and identical critical coupled S, and ;. Numerical calculations
yield an integral value that precisely matches 99%I’, verifying the
proposed bound.

The above analysis shows the possibility of exploiting the untap-
ped absorption with a monopole-dipole resonator.

The preceding discussion centers on the ideal single monopole
and/or single dipole resonances to simplify the analysis and gain
insight into the physics. It is, in fact, feasible to experimentally con-
struct an acoustic single-mode monopole or dipole resonator (as per
Case A), respectively. For instance, a bubble-screen resonator exem-
plifies a monopole*, whereas a membrane-type metamaterial is clas-
sified as a dipole®. However, for a practical hybrid monopole-dipole
resonator, the higher-order modes inevitably appear’*. To take
account this effect, we adopt a modified surrogate model:

KO — amwfn
Ker(@) 0% — 07 — B0 on(@ (10)
Pe(@) _ adwczi +6 '

P  wi—w?—iBw a®)

where §,, and 6, are introduced to account for the contribution of the
higher-order modes, which are not well captured in Eq. (5). Seminal
examples following the Lorentzian dispersion model are famous for
the dynamic negative properties’’*S, The zero-pole profiles of the
scattering coefficients in the modified surrogate model are available in
full complex-plane analysis in Supplementary Fig. 1.

The existing monopole-dipole resonators**=' have only demon-
strated narrowband duality symmetry in proximity to their resonance

(@) (b) ] Case A ‘ Case B ] Case C
Case A (58%) Case B (72%) In | S;, (w)] In | S, (w)] In | S, (w)|
--------- Single-mode limit Case C (99%) go\ max
. .30 - - - 0 - - - - 0 - W= - — (pole)
E|
0.8 -1 -2 -1
0 1 2 3 0 1 2 3 0 1 2 3
S Re(w/wp) Re(w/wp) Re(w/wp)
o I ]
.‘5- oo (C) 1 0.5 1
S |/ e )
204l _ In |Sy(w)| In |Sy(w)| In |Sq(w)]
< Exploitil 3
xploiting S obooooooo- ob--®---__| o NN _
0.2f Untapped absorption 4 \% min
a : (zero)
0 : : : : -1 -0.5 -1
0.5 1 1.5 2 0 1 2 3 0 1 2 3 0 1 2 3
wwy Re(w/wp) Re(w/wp) Re(w/wp)

Fig. 3 | Absorption spectra and the zero-pole profiles of two-port scatterings.
a The corresponding absorption spectra. The legend shows the percentage
between the full band integration of Eq. (12) (w — o) and I'. b, ¢ The complex
frequency plane showing the distribution of In|S.,(w)| and In|Sy(w)|. All the zeros

are forced to be critically coupled on the real axis by using Eq. (7). In the first e, the
constant effective density causes the non-existence of dipole resonance mode with
blank data of the zero and pole.
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Fig. 4 | The experimental realization of duality-symmetric sample. a The sche-
matic of coupled Helmholtz resonators (CHR). The color indicates the total pres-
sure mode at maximal absorption frequency. The thickness L =2.5cm. b The
fabricated sample (half model) filled with porous foam. ¢ The monopole and dipole
modes at 2500 Hz (pressure field). d The corresponding scattering strength spectra

Frequency (Hz) Frequency (Hz)

of CHR. e The scattering spectra of CHR (transmission, reflection, and absorption).
f The ratio between absorption integral y(w) and I'. g The extracted effective
density and h effective compressibility. The black lines represent the results by the
modified surrogate model, the colored lines are simulation data, and the circles are
measured data by the impedance tube measurement.

frequencies (as per Case B), an effect also referred to as “degenerate
perfect absorption”. However, to the best of our knowledge, the
realization of broadband duality-symmetric absorption, even for the
lowest-order monopole-dipole resonances, has never been explored
(as per Case C). The challenge arises from the difficulty in perfectly
aligning the two termsin Eq. (10), which means that a,,, ~ a4, 0, = @4,
B~ By and 6, ~ 6,. Based on the surrogate model, adherence to
these conditions is anticipated to exploit the untapped potential with
larger absorption integral; although, the effects induced by 6,,, and 64
should also be taken into consideration (see the modeling of the
higher-order effects in Supplementary Note 2 for the modification of
critical coupling condition and the quantification of the absorption
integral).

The design strategy of broadband duality-symmetric absorption
In our experimental design, to mimic the dispersion in Eq. (10) as a
proof of concept, we employ the ventilative metamaterials®*** in duct
acoustics. Our idea is to approximately match the lowest-order
monopole-dipole resonances over the broadband, while we do not
expect that §,,(w) strictly matches §,(w). Since the dominant con-
tribution of absorption integral comes from the low-frequency part,
we will show that even this compromise strategy is sufficient to exploit
considerable untapped absorption. In particular, the proposed
monopole-dipole resonator comprises two coupled Helmholtz reso-
nator (CHR) [Fig. 4a], which intuitively supports monopole (dipole)
mode with symmetric (anti-symmetric) acoustic modes [see Fig. 4c].
To simplify our design and simulation, our sample is axisymmetric with
the axis of symmetry being the dotted line [see Fig. 4b]. According to
acoustic homogenization theory***, the static effective properties of
the CHR are purely geometry-dependent:

Ko . Vair

Ket(0) T Sol
Per(0) /1, (1 _ {)

~

, an

where V;, is the resonator’s effective air domain volume, the sample
thickness is L, S, is the main duct cross-section area, @S, is the cross-
section area of the narrowed channel with the perforated ratio
¢ (determining ventilation rate), / is the length of the narrowed
channel, and the superscripts “~” distinguish the approximated
estimation values from the actual ones. The first line of Eq. (11) is
from the Wood'’s formula®*, where the bulk modulus of solid shells is
overlooked because the high contrast of the impedance of solid-air
interface. We note that the remaining variable V ;. should be evaluated
in different ways for pure air domain and porous domain
(Vo =V2, + Vporous)- In pure air domain (e.g., the narrowed channel),
it is the same as the actual volume l/f,’ir occupied by air. In porous
domain, due to the comparable scale of micro-structures and viscous
boundary layer thickness, the porous material absorption should be
treated as isothermal process, according to Ge et al.’ and then,
V porous = VairV %0 Where V2 is the resonator’s cavity volume without
porous materials, the porosity ¢ excludes the porous skeleton volume
and y,; is the adiabatic index of air (y,; =1.4). In addition, the second
line of Eq. (11) is adapted from the analytical impedance of a micro-
perforated plate’*, with the end correction effects omitted for
simplification. Additionally, thermoviscous dissipation is disregarded
due to the boundary layer thickness being much smaller than the
channel diameter.

At the static limit (w — 0), the broadband duality-symmetric

absorption requires that K’;‘;O)%”egso). First, we set the following

parameters; ¢=0.25, L=2.5cm, and an initial length / (randomly
selected), to determine p.(0). Next, we install two identical Helmholtz
resonators and monotonously increase their Helmholtz cavity volume
until the condition <X

Kt (0)
approach works because the left-hand term is effectively adjusted by
the resonator’s air volume, which is primarily influenced by the cavity

volume.

=A’;eg—§°) is satisfied as per Eq. (11). This

By using the finite-element-method (FEM) simulation, we can
further accurately extract the dynamic K (w) and pe(w) from the

Po Ly
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Fig. 5 | The characterization of a foam liner and the integrated CHRs. a, b The
pressure fields of foam liner and integrated CHRs at 1000 Hz (simulated). The total
thickness is the same, i.e., L =14.1 cm. ¢ The cross section of fabricated integrated
CHRs (half model for the illustration). d Absorption performance comparison

Frequency (Hz)

between traditional porous foam and our integrated CHRs. e The integrals of the
absorption spectra over the bound I'. The solid lines are simulation data, while the
circles are from the experimentally collected ones.

initial structure’s reflection R(w) and transmission coefficients 7(w),
according to the algorithm in ref. 56 The spectral profiles of the
extracted K .(w) and p.4(w) indicate their respective (a,,, ®,,, B,,) and
(ag, wq, By), as we have seen in Fig. 3. See “Methods” for the details of
the FEM simulation. To tune w, and ,, we introduce a coupling neck
and adjust its radius without changing w,, and 3. This is because the
volume of coupling neck is not large enough to modify monopole
response, and it is located at the pressure anti-node (thus velocity
node) of the monopole mode [see Figs. 1a, b and 4f]. In other words,
we can achieve the nearly independent control of monopole and dipole
mode frequencies and the dissipation factors until w,, ~ w,; and
B ~ By. The followed key step is to adjust # and repeat the above
steps until a,, ~ a, (the final /=0.4L). Here, the designed CHR
structure is duality symmetric, but the critical coupling conditions are
not met (see its scatterings and effective properties in Supplementary
Fig. 3). The final step is to fill the porous foam into the two cavities of
the CHR [see Fig. 4b]. In this way, the extracted effective properties will
simultaneously increase their 3,, and B,, until the critical coupling
criterions are met [i.e., |S,,(0,,)|=1S4(w4)| ~ Ol

The observation of exceptional absorption bandwidth

After applying the design strategy, we have numerically and experi-
mentally verified the scattering features of the CHR structure. The
solid shell of the sample was fabricated by 3D printing technology
and experiment details are given in “Methods”. As shown in Fig. 4e, it
is exhibited that the bandwidth of the measured absorption of
our CHR sample is exceptionally large. The observed absorption
with a near-double octave bandwidth (4> 0.5 from 1300 to 4900 Hz)
outperforms  the reported ultrasparse sound-absorbing
metamaterials®>” with the same mechanism of hybrid dipole-
monopole resonances. In a followed section, we will further quan-
tify this performance advantage.

For the absorption mechanism validation, the theoretical results
of the modified surrogate model employing the fitting parameters
(@, =a,=1.6 w,=w,=2mx2500Hz) are depicted with black solid and
dashed lines in Fig. 4, in good agreement with the simulation (colored
solid lines) and experimental data (circles) from low frequency to the
resonance frequency with an absorption peak. Beyond 2500 Hz, the
corresponding absorption is slightly lower than the measured one. The
slight deviation is due to the simplification assumptions in the fitting

approach (See “Methods” for the details of the fitting algorithm for
effective properties). Nevertheless, by comparing Fig. 4g, h, the
spectral profiles of the extracted properties agree well, especially
below 2500 Hz, i.e., KO )N"e"f(“’) The approximate compliance of
duality symmetry can be evndenced by the low Ievel of |R(w)| in Fig. 4e,
and the aligned scattering amplitudes, i.e., ~ |S4(w)| as per
Fig. 4d. We recall that |S,,(w)| ~ |S(w)| is one of the desirable condi-
tions for extending absorption integral from the generalized causality
constraint in Eq. (3). To evaluate how far our simulated absorption
integral is from the generalized bound I', we introduce the absorption
integral defined by

vor= [~ Ina - aw) )

Based on Eq. (12), we adopt llm Y(w)/T, as a measure of
absorption optimality. The determination of T is based on the extrac-
ted effective properties based on simulated scattering data at the low
frequency limit. For our numerical evaluation in Fig. 4f, we only inte-
grate up to the frequency of 6000 Hz, which is high enough to get the
saturated value (48.9%I). Based on the modified surrogate model, we
can also analytically determine the absorption integral provided that
the duality symmetry and critical coupling condition are satisfied. The
absorption contributed by higher-order terms is ignorable. Otherwise,
the calculated y via simulation data (considering higher-order con-
tribution) will deviate from the lowest-order theoretical value T;.
However, this is not true because we have y=48.9%I, which is very
close to I'; =47.5%I. It is important to emphasize that this approx-
imation is applicable solely to our specific case and does not yield a
universal conclusion for other resonator structures. The closed-form
derivation of T is available in Supplementary Note 2. Therefore, the
non-dispersive approximation of &,, (6,) is reasonable because from
the low frequency limit to w,, (w,), the absorption contribution of the
lowest-order monopole (dipole) resonance is dominant because of the
weighting function 1/w? in Eq. (12).

Because the high-order modes in a single CHR structure are dif-
ficult to tame towards ideal, perfect duality symmetry, we adopt an
approach to circumvent this limitation to further broaden the
absorption band. In Fig. 5, we further scale the geometry of the CHR
structure to adjust the absorbing frequency. Four scaled CHR units are
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of their absorption performance based on the proposed FOM in Eq. (13), reveal-
ing previously untapped absorption potential.

selected and integrated in series (see the details of tuning and inte-
grating CHRs in “Methods” and Supplementary Figs. 4, 5, and 6). As
shown in Fig. 5b, to inherit the duality symmetric design, each CHR has
its different perforated rate of the narrowed channel to match the
varying cavity volume [i.e., K:r‘()w) ~ ”eg—(“” according to Eq. (11)]. Again,
the final sample of integrated CHRs is filled with sufficient porous foam
again to add enough dissipation and maintain critical coupling
conditions.

In this way, in Fig. 5d, we observe that the integrated CHRs
demonstrate a broadband absorption (>50%) spanning from 300 to
6000 Hz (measured average absorption: 86.1%). Our comparative
experiment reveals that a standard foam liner, with the same dis-
sipative volume and total length, exhibits a lower average absorption
of 61.4% within the same band. Furthermore, the calculated
JT;O Y(w)/T for the integrated CHRs (42.2%I') shows more than double
enhancement than that of the foam liner (18.5%[), as shown in Fig. 5e.

A figure of merit (FOM) for two-port absorbers

The previous measure, lim y(w)/T, while accurate and effective, is not
. W—>00 .

compatible to the experimental data, because they are difficult to

collect at all frequencies, especially for low frequency data. We con-

clude that our work is already the state of the art, with the aid of a FOM

we developed for two-port absorbers:

N-1
FOM=>"—In(1-A(w,)) —*L ", 13)

n=1 wrzzr
where A(w),) is the absorption coefficient at the discretized frequency
w,, (N data points), and the estimated geometry-dependent bound
r= 5 (# + ”ﬁ—“”), based on the same principle of Eq. (11). It is
Ketr(0) 0
likely that T is an underestimated value because the contribution of
end correction is omitted, as we mentioned. To quantify the resulting
bias, we can compare the calculated bound of single CHR and
integrated CHRs: the respective accurate values are ['=6.1x107*[s]
and 6.1x10~*[s], while the FOM-based values are T = 4.6 x10~*[s] and
4.0x1073[s]. This observed bias is both expected and justifiable, as
near-field interactions contribute to end correction effects. Further-
more, rather than integrating over the entire frequency band, the
simplified FOM places greater emphasis on high absorption and low-
frequency bands (greater than 50%), resulting in higher scores for

broadband absorbers. The detailed formulas and geometry inputs of I
are available in Supplementary Table 1. To be consistent for all
evaluation cases, we consistently use the data in the frequency range
defined with the threshold absorption of 50% [A(w,)=0.5 for
arbitrary n].

By investigating the static values of ”eg—éo) and <Ko, we classify our
Ketr(0)

work, the foam liner, and others*°. As shown in Fig. 6a, the proposed
structures meet the static duality symmetry (the dashed line). The
foam liner and ref. 30 mainly use volume-controlled compressibility to
support sound absorption, while refs. 25-29 take more advantage of
the narrowed channel-controlled density to boost their performance.
Those works®**° far away from the static duality symmetry line are
doomed to obtain a low FOM score [see Fig. 6b]. However, our works
(single CHR and integrated CHRs) with dispersion design of broadband
duality symmetry as well as critical coupling conditions, rank the
highest FOM. While our single CHR supports a single pair of monopole-
dipole resonator, its FOM is higher than those with multiple resonant
units, which has a comparable?® or much lower bandwidth®?. The
integrated CHRs and the foam liner outperform all the others with the
largest bandwidth, indicated by the width of the data bars, but the
latter has a lower average absorption value of 61.3%. Even if ref. 30 has
a higher average absorption, the price to pay is to use bulky resonators,

as indicated by its large <Xo—. For a similar reason, ref. 28 gains a

eff’

considerably good balance in high absorption and large bandwidth,

but its”eg—go’ is very large, indicating a very low ventilation efficiency and

leading to a low FOM. By contrast, Gao et al.”’ adopts an ultrasparse
geometry with low E’(—OO and "Eg—f)o), but its total length L is very large,
e (0)

which unfortunately leads to a large I as well. We have listed the data of
Fig. 6 for FOM comparison in Supplementary Table 1. Many recently
reported high-performance and innovative metamaterial absorbers®**
may also be re-evaluated and optimized using our FOM evaluation
framework. We foresee a promising future for acousto-mechanical
metamaterials that transcends the limitations of conventional
materials.

Discussion
In summary, even our proposed structures are still some distance away
from the upper limit of absorption (~ 1 —I';/T'), because we currently
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do not follow the simultaneous critical coupling and duality symmetry
of high-order modes. Remarkably, the compliance of lowest-order
monopole-dipole resonances has revealed the absorption potential
not available in the previous works. The strategy of overlapping
resonances to enhance wave-matter interaction is a well-established
principle, leading to phenomena, such as super-absorption*’ and
super-scattering®. Our work builds on this principle by applying it to
the specific case of acoustic monopole-dipole degeneracy. Moreover,
this also provides ample room for optimization for future work,
especially considering the development of artificial intelligence in
helping to regulate the scattering spectrum of metamaterials®*°, For
example, the impedance network could be effectively established with
the multi-objective and coupling-driven optimization, while consider-
ing the additional requirements on the mechanical strength and
lightweight design®®*. By using the example of ventilative acoustic
metamaterials, we have put an end to the misleading situation where
the 2-port scatterings are interpreted based on the one-port causality
constraints® %, We show that duality symmetry offers the unprece-
dented advantage of broadband anti-reflection and absorption effect,
although dispersive resonators typically lead to strong scatterings. Our
time-domain simulation further demonstrated this excellent feature
(see Supplementary Movie).

For an ideal duality-symmetric system, the proposed generalized
bound in Eq. (4) reduces to mLZ, /K o(0) or mLp.(0)/Z, which is half
of the original bounds of Egs. (1) or (2) (assuming identical sample
thickness via D — L). This explains why absorption is harder for an
absorber without backing?: to achieve the same absorption perfor-
mance, at least double thickness, or more generally speaking, the
bound T, should be used to compensate the lowered bound; the
common violation of broadband duality symmetry further hides the
untapped absorption potential, as evidenced by Fig. 6. Based on the
renewed understanding of the generalized bound, we realized that a
handy FOM must be established to measure the performance of a two-
port passive absorber, thus verifying the untapped absorption pro-
vided by the approximate compliance of duality symmetry.

The focus of our research is on one-dimensional two-port systems
or their equivalent scattering problems characterized by reduced
dimensions (see the comparison of waveguide and free space scat-
tering in Supplementary Fig. 7). In contrast, the more intricate land-
scape of higher-order scatterings in higher dimensions may present
challenges that the straightforward pairing and cancellation between a
monopole and a dipole—enforced by the duality symmetry—may not
adequately address. Nevertheless, we foresee that the exploration of
scattering causality and duality symmetry will provide physical insights
for MIMO systems®, potentially revealing additional constraints and
symmetries®>®.

This also presents substantial opportunities for real applications
that are not limited to acoustic devices. The same principle also applies
to electromagnetic wave transmission and solid vibration conduction.
Moreover, some emerging advanced metamaterials***® that break the
passive, linear, time-invariant assumptions could follow a clearer
direction for spectral optimization and a more reliable constraint for
future benchmarking.

Methods

The simulation details and geometrical parameters

Simulation was carried out using the COMSOL Multiphysics commer-
cial software, specifically employing the FEM facilitated through the
“pressure acoustics, frequency domain” module. The simulation setup
included monitoring of incident and transmitted waves via two ports
located at the boundaries of the model. The lossy components of the
CHR structures, specifically the resonators’ necks and the coupling
neck between cavities, were calculated by using the narrow region
model. In cases where the cavities were filled with a highly absorptive
porous foam®’, the Johnson-Champoux-Allard model was utilized,

characterized by the following parameters (also adopted from ref. 69):
porosity ¢=0.94, fluid resistance R;=32000[Pa-s/m?], tortuosity
factor a,=1.06, viscous characteristic length L,=56[um], thermal
characteristic length L, =110[um]. These parameters were con-
sistently applied across different simulations (including the foam liner
in Fig. 5) to maintain a benchmark for comparison. For simulations in
the time domain, the “pressure acoustics, time explicit” interface was
employed.

The geometrical specifications of the single CHR are as follows
(see the marked dimensions in Supplementary Fig. 2): diameter
Dy=1.5cm, length L=2.5cm, /=0.4L, coupling channel diameter
d, =0.625 mm, width w; =1.5 mm, thickness ¢ = 0.95 mm, cavity height
H_.=6.25mm, radius R=10.67 mm, 7; =3 mm, 7,=2mm. The perfo-
rated rate (or ventilation ratio) ¢, =S/S, = (rH?)/(mD?)=0.25, where
S represents the cross-sectional area at the narrowest part of the main
duct, and S, denotes the wave-front area or duct cross-sectional area.
The thickness of other partition walls is standardized at A, =1 mm. A
1/32 reduced model features a sector angle of 360°/32=11.25°.

The parameter combination outlined is not exclusive; however,
the design adheres to the principles necessary to approach the bound
of the generalized causality constraint, focusing on critical coupling
and broadband duality symmetry. For achieving critical coupling, the
methodology involves integrating sufficient porous foam within the
resonator cavities to ensure maximal absorption (S,, and S; = 0) at the
resonance frequency, as demonstrated by the comparison between
Fig. 4 in the main text and Supplementary Fig. 3. Conversely, samples
devoid of filled porous material exhibit duality symmetry but experi-
ence under-damped losses, resulting in degraded absorption
performance.

The scaling of the sample in Fig. 5 adheres to the following
rules: V., — aV,, L — a'’L, ¢y — a~12¢,, where « is the scaling
factor and V. is the cavity volume occupied by porous foam, calculated
as V.=L((H, + 1+ D) — m(ty + D)+ (L — [ — 2A,)(m(D+1,)*—
m(D\/Py + A, +T1)2)‘ The dimensions of the HR necks and the
coupling channels between the two cavities remain unchanged
during scaling. For the reference sample illustrated in Fig. 4, a=1;
for scaled samples depicted in Fig. 5, a values are 0.5, 1.5, 2.5, and
4. The total thickness of the integrated sample is calculated
as L=(v/05+V15+v25+/4)L,+3A,=14.1cm.

For the acoustic-flow interaction simulations (see Supplementary
Fig. 8), the flow resistance was calculated using the “linearized Navier-
Stokes, frequency domain” interface. The background pressure drop
(AP =P, — P;) was determined by the difference between the output
and input ports. The background flow velocity (vf) was varied from
-20 to 20 m/s, where negative values indicate flow in the opposite
direction to the propagation of the acoustic wave. The flow resistance
of the integrated CHR structures was calculated as Ry = AP/(vfL). The
absorption spectra for five selected flow velocities were computed
using the “compressible potential flow” interface, in conjunction with
the “linearized potential flow, frequency domain” interface.

The extraction and fitting of effective acoustic properties

The simulated reflection and transmission coefficients [R(w) and T(w)]
were defined at the front and back surfaces of the sample, respectively.
These coefficients facilitated the extraction of effective bulk modulus
and effective density spectra (Keﬁ?w) and "eg:]“’)), utilizing the formula
outlined in ref. 56 It is crucial to distinguish these coefficients from the S-
parameters, which are directly defined at the surfaces of the input and
output ports. The relationships are expressed as R(w) = S;;e~%olus and
T(w) =Sy e 2kolug [L, is the distance between the sample surface to the
input or output port, see Supplementary Fig. 2]. For the extraction of
effective properties in the experiments, the data were processed using
the same algorithm as applied, except that L,,, was substituted with the
distance from the sample surface to the nearest microphone.
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The extracted effective properties from the CHR structures are
fitted with the Lorentz model with the locked broadband duality sym-
metry (i.e., Qg =0y = Ugy Opyq =Wp = WOg, 6pyyq = 6,5 =64). In addition,
the dissipation factors (B,,/4 =B, =B4) are fixed according to closed-

form solutions from Supplementary Note 2. The target of our fitting
2
K [
Rarlon) ~ e, ~ Om| ¥

N
is to minimize the cost function: > |
n=1

|peﬂ(wn) _ W

Po 0 ~0,2~iByw,
obtained via the optimization toolbox (Levenberg-Marquardt algorithm
for nonlinear fitting) provided by the commercial software of MATLAB.
We approximately treated 6,, and§, as nondispersive constants (the
fitted value 6,4~ 1), thus ignoring the higher-order contribution
without losing the insight of causality-guided physics. The rationale for
this assumption is that the absorption integral is mainly due to the
contribution of low-frequency modes and that the absorption of a single
monopole-dipole resonator gradually decreases at high frequencies,
because treating 6,, 4 as a constant without dispersion and a complex
dispersion fitting model that does not conform to the duality symmetry
(O ()26 4(w)) have the same result, with no evident contribution to
absorption integral. So, finally, the corresponding fitted outcomes of the
modified surrogate model are plotted in Fig. 4 with black solid and
dashed lines.

2
— 64| - The fitting results (a,, /4, ©p/ar 6myq) WeTe

Sample fabrication and experimental characterization

The fabrication of the sample frame was facilitated by employing 3D
printing technology, specifically Stereolithography using WeNext 8228
Resin. This method provided the precision required to accurately
resolve features, such as narrow channels and necks with dimensions
smaller than 0.4 mm. The resulting structures exhibited sufficient
rigidity to be considered as hard boundaries in the context of acoustic
fields, where they are associated with thermoviscous boundary layers.
In the experiment, a custom-built impedance tube with a circular
cross-section and a diameter of 3 cm was employed. The experimental
apparatus comprised BSWA microphones (model MPA416), NI sound
cards (model CompactDAQ9263), and an NI acquisition card (model
CompactDAQ9234). Harmonic sine waves were generated utilizing a
HIVI speaker (model M3N) in conjunction with a YAMAHA power
amplifier (model PX3). The acoustic properties of the samples were
characterized using a standard four-microphone technique within the
impedance tube measurements. Prior to each series of experiments,
microphone mismatch calibration was meticulously performed in
accordance with established standards (ASTM E2611-09). To reduce
noise interference due to leakage, Plasticine was applied to seal all
potential connection gaps. Furthermore, the cut-off frequency of the
impedance tube was determined to be 6700 Hz, which is marginally
above the upper frequency limit of our absorption measurements
(6000 Hz). Data below 300 Hz were not adopted due to the challenges
and inaccuracies associated with low-frequency measurements. To
compare the experiment-based data with simulation predictions, an
offset value Ayg;,,, from simulation data was utilized. For comparisons
illustrated in Figs. 4f and 5e, the adopted formula (data presented by
circles) was that y(@)= [5,,300 — I (1 —Aexp (w)) ‘Z)—“; +AYgimu, Where
Agimus Aexp denote absorption spectra from simulation and experi-
ments, respectively and Ayg, =[5 00 — IN(1 — Agm, (@)) 9.

Data availability

All the data are provided with this paper Supplementary
Information and Supplementary File. We have added Source data of
the geometry of the acoustic resonators (see Supplementary Data).
Together with the details in Methods, this represents the minimum
dataset that is sufficient to reproduce all simulation and experimental
results.
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