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ABSTRACT

To address the challenge of achieving efficient low-to-mid frequency noise absorption under strict weight and thickness constraints, this
study proposes a novel honeycomb structure incorporating stepped multi-cavity Helmholtz resonators (SHRs). The SHR configuration
enhances sound absorption in targeted frequency bands through tailored resonance coupling. By integrating theoretical modeling, numerical
simulation, and experimental validation, we systematically investigated the influence of step gradient angle, micropore geometry, pore posi-
tioning, and structural coupling on acoustic performance. Parametric optimization yielded a half-absorption bandwidth of 350-650 Hz,
with the lower cutoff frequency reduced by 39.6% compared to conventional coupled structures (580 Hz). Notably, increasing the gradient
angle to 33.7° within a 15 mm cavity depth lowered the resonance frequency by 14.3%, demonstrating the efficacy of gradient tuning for
low-frequency control. The proposed structure maintains minimal thickness while significantly improving low-to-mid frequency absorption,
offering a promising approach for noise mitigation in complex operational environments.
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I. INTRODUCTION influences performance, with circular apertures demonstrating
superior sound absorption compared to narrow slits. Cavity depth
and pore diameter have been identified as the most critical govern-
ing parameters.”” Notable developments in micropore-based meta-
materials include micro-perforated panels (MPPs) with optimized
parameters,””'' MPPs integrated with auxiliary acoustic
structures,'””">  and  those backed by complex cavity

Low-to-mid frequency noise in transportation and industrial
environments poses significant health risks and equipment reliabil-
ity concerns.” Conventional sound-absorbing structures, however,
remain constrained by their large dimensions and limited acoustic
efficiency. Acoustic metamaterials have emerged as a prominent

15
research focus in noise control, owing to their capacity—via struc- configurations.'*"* Despite their impressive absorption capabili-
tural optimization—to achieve substantially superior sound absorp- ties, these designs often exhibit strong directionality and limited
tion performance at equivalent thicknesses compared to traditional effectiveness when deployed in practical, complex acoustic environ-
materials.” Additive manufacturing technologies further broaden ments. Helmholtz resonators (HRs) constitute an alternative effec-
their application prospects by offering considerable design freedom tive strategy for low- to mid-frequency noise control. Recent

16—

and customization capabilities.”” Therefore, the pursuit of the  advancements have explored various cavity geometries,”’"** spatial
upper limits of sound absorption through advanced structural distributions,”™*” and embedded apertures,”*™*" achieving effective
design holds considerable promise. absorption within the 132-930 Hz range. Nevertheless, a trade-off
Studies on the underlying acoustic mechanisms of micropores between performance and compactness persists, as most high-
reveal that the interaction between adjacent pores significantly efficiency designs exhibit substantial thicknesses—typically
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exceeding 40 mm—which severely limits their practical applicabil-
ity. Honeycomb structures are widely recognized for their high
spatial efficiency and exceptional out-of-plane compressive and
shear strength, rendering them ideal for thin yet mechanically
robust designs. In acoustic metamaterials, honeycomb-based
systems demonstrate superior low-frequency sound absorption,”
especially when coupled with micro-perforated panels (MPPs),”
with the primary energy dissipation mechanism localized at the
aperture necks.”>” Further absorption enhancements have been
achieved by strategically tailoring the internal configuration of the
honeycomb cells.”*** Collectively, these advances underscore the
significant potential of honeycomb structures, yet they also reveal
two persistent challenges: excessive structural thickness and subop-
timal spatial efficiency.

Based on this integrated approach, a honeycomb-structured
metamaterial composed of multiple coupled Helmholtz resonators
is proposed. The design concurrently provides substantial
low-to-mid frequency sound absorption and enhanced mechanical
strength endowed by its hexagonal honeycomb configuration.
These attributes make it particularly suitable for space-constrained,
high-noise environments, including high-speed train cabins, air-
craft fuselages, and ship compartments.

Il. METHOD AND DESIGN
A. Structural design

The proposed stepped multi-cavity Helmholtz resonator
(SHR) structure employs a multi-dimensional stepped configura-
tion of trapezoidal Helmholtz resonators to achieve targeted
sound absorption. As illustrated in Fig. 1(a), the unit cell features
a multi-level composite architecture, with a regular hexagonal
honeycomb cavity serving as the outer envelope. Within this
cavity, a central hexagonal prism forms the main chamber, sur-
rounded radially by 12 trapezoidal sub-cavities. The depths of
these sub-cavities follow a defined gradient angle By along the
radial direction [Eq. (1)], resulting in a highly asymmetric height
distribution. Figures 1(b)-1(c) provide a parametric visualization
of the design concept, where light blue areas represent Helmholtz
resonator volumes and light purple denotes the outer micro-
perforated panel surface. Light purple arrows trace the sound
wave propagation path through the structure. Key geometric
parameters include upper aperture diameter (D), intermediate
aperture diameter (d), distance between the top micropore and
sidewall (w), vertical distance from the ith intermediate micro-
pore to the top surface (y;), wall thickness (t), and total cavity
depth (H),

By = tan™! (hﬁk;Vh‘> (1

In Eq. (1), the gradient coefficient ky is determined by the base
length of the unfolded unit cell; a value of ky = 16.5 is adopted in
this design. Given that the intermediate micropore diameter is d =
1.5 mm, the resulting cavity segment height 4; must not be less than
1.5 mm. The degree of structural gradient increases with fy.

By strategically positioning micropores away from the central
axis, the SHR structure directs sound waves to pass through
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multiple layers of micro-perforated panels before entering the
Helmholtz resonators, thereby enhancing energy dissipation. In
contrast to conventional absorbers limited to one-dimensional res-
onator arrangements, the SHR design enables multidimensional
resonator layouts. This significantly increases the number of reso-
nators integrated into a single structural unit, improving low-
frequency sound absorption performance within a confined spatial
envelope.

B. Theory analysis

Compared with conventional honeycomb units, the SHR
exhibits a more intricate cavity configuration within each periodic
element. Based on the structural layout depicted in Fig. 1(c) and
under the assumption of acoustically rigid honeycomb cell walls,
the sound absorption coefficient of each cavity can be determined
using the acoustic impedance formula as follows:*’

2

ZS/ZO —1 , (2)

1 |RP =1 [
¢ IR Z)Z + 1

where R represents the reflection coefficient, Z; is the surface
impedance of the unit, and Z, is the characteristic impedance of
air, which is the product of air density (p,) and sound speed (co).
The overall acoustic impedance Z; of this composite
sound-absorbing structure results from the series and parallel cou-

pling of its constituent components. Here, Z,p denotes the acoustic
impedance of the primary surface micropore, and Z,; represents
the acoustic impedance of the secondary (intermediate) micropore,
evaluated after sound transmission through the first cavity. They
can be given by’>*’
5 32t r—1 jo(t; +0.85D) )
D=
4 o 1D% v/ Pr PoCo
32nt. r—1 jo(t, +0.85d
Zps = n 2 1y jo(ts ) @
oadi VPr Poco

where 7 is the dynamic viscosity of air, p, is the air density, ¢, is
the speed of sound, t; and t, are the thicknesses of the micro-
perforated plates, D and d are the diameters of the top and
middle micropores, y is the specific heat ratio, Pr is the Prandtl
number, and @ = 27f is the angular frequency of the incident
sound wave.

Upon sound wave transmission through an unsealed cavity, its
acoustic impedance is modeled via acoustic compliance.
Accordingly, Z. denotes the acoustic compliance between Z; and
Z,, while Z, represents that of the intermediate slender cavity, given
by the expressions,”'

2
_ .Po%o

2. =
ci oV,

, ®)

where V; is the volume of the corresponding cavity.
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FIG. 1. Structural design of the SHR structure: (a) overall configuration; (b) detailed parameters of the conventional structure; and (c) detailed parameters of the SHR
structure.
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FIG. 2. Equivalent circuit diagram.

The resonance coupling mechanism in the SHR structure
arises from the interaction between the primary Helmholtz reso-
nance and the stepped sub-cavities. While sound entering the inter-
mediate slender cavity subsequently propagates into individual
Helmholtz resonators, modeling the sound pressure distribution
and volume velocity allocation necessitates treating the acoustic
compliance Z, of the slender cavity in parallel with the imped-
ances of the 11 Helmholtz cavities. The resulting equivalent imped-
ance is denoted, Z yaratel, as™*

o)
Zparallel = | — —
parallel 70 + ; Z
G)VZ 12 1 B
=|-—5+>. —| . ®
JPoco™ = 1D, 1)+ jo (D, 1) 257

where Z; is the acoustic impedance of the ith Helmholtz cavity
and the step gradient angle By directly influences V;, thereby
altering the resonance frequency of each sub-cavity. The coupling
between adjacent cavities enhances the phase cancellation and
energy dissipation across multiple frequencies, leading to a
broader absorption bandwidth. r(D,t) is the acoustic resistance,
and m(D,t) is the acoustic mass reactance, which satisfy the fol-
lowing expressions:

2t | K
D, t) = 14— 7
H(D: 1) PocoD? +32 2

mD, 1) = —— (1 " 0.35?), )

Poco

_D oy
k=200 )
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Therefore, Z yraer is expressed as

o Cl)Vz
JPoco®

Zpamllel = <

12 1

— 32t D?wp . t D Poco’
=2 L+ S e [ﬁ (140.852) — ﬁ]

(10

In summary, upon entering through the surface micropore
Zpd, a portion of the incident acoustic energy is shunted by the
first cavity Z,;, while the remainder propagates through the inter-
mediate micropore Z, into a lumped-parameter network compris-
ing the slender cavity and the 11 Helmholtz resonators. The overall
acoustic impedance Z; of the composite structure is derived from
the series and parallel combination of these components, as repre-
sented by the equivalent circuit in Fig. 2, and is given by the follow-
ing expression:

Zs = Ztop + Zpamllel« (11)

In this formulation, Z:p = Zpg + Z + Zpp represents the
total impedance of the upper section, while all other variables
retain their previously defined meanings. The incorporation of
multiple resonators broadens the range of internal oscillations,
shifting energy dissipation from being predominantly governed by
micropore damping to being substantially enhanced by resonant
mechanisms. This modeling approach provides a more rigorous
explanation for the variation in acoustic impedance with pore posi-
tioning, thereby establishing a consistent mathematical foundation
for the underlying acoustic theory.

1+:90:90 920 Asenuer 6}

C. Simulation and experimental studies

A three-dimensional finite element model (FEM) was devel-
oped in COMSOL Multiphysics® to investigate the underlying
sound absorption mechanisms of the honeycomb SHR structure.
The model incorporated the pressure acoustics and thermoviscous
acoustics modules.””™"" As illustrated in Fig. 3(b), the mesh was
constructed based on the geometry in Fig. 3(a), with the following
dimensions: hexagonal side length L = 10 mm, cavity depth H =
15 mm, wall thickness t = 1 mm, and both top (D) and middle (d)
micropore diameters equal to 1.5mm. The top micropore was
located at the centroid of the trapezoidal cavity, and the gradient
angle was set to its maximum value. All structural walls were
treated as acoustically rigid boundaries. The thermoviscous acous-
tics module, accounting for boundary layer effects, was used to
capture acoustic behavior and energy dissipation in the micropore
necks and cavity air domains. A background pressure field was
applied to simulate an incident plane wave propagating along the
Z-direction, while a perfectly matched layer (PML) served as an
anechoic termination at the top boundary. To reflect the struc-
tural periodicity, periodic boundary conditions were imposed in
all three directions at the top domain of the model. The sound
absorption coefficient of the SHR unit was subsequently com-
puted using Eq. (2).
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FIG. 3. Experimental setup and specimens: (a) the 3D parametric model of the SHR structure; (b) 3D FEM of the SHR structure; (c) 3D printed structures by FDM; and

(d) impedance tube apparatus.

Given the structural miniaturization and high precision
requirements, the specimens were fabricated using additive manu-
facturing. Poly(ether-ether-ketone) (PEEK) was selected as the
printing material due to its high modulus, strength, toughness, and
impact resistance, along with a density of 1300 kg/m”, sound speed
of 3420m/s, and a manufacturing tolerance of +0.2mm,
Sensitivity analysis reveals that variations in micropore diameter
within this tolerance range cause resonance frequency shifts of
7-12 Hz. Both the conventional honeycomb and SHR specimens
were produced via high-temperature fused deposition modeling
(FDM), each with a diameter of 95 mm and a total thickness of
16 mm—comprising a 1 mm-thick micro-perforated panel and a
15mm deep cavity. To ensure controlled variable comparison
between simulation and experiment, the SHR structure maintained
the same geometric configuration as depicted in Fig. 3(a), with the
top micropores of both structures positioned adjacent to the

honeycomb unit sidewalls. The 3D printed structures by FDM are
shown in Fig. 3(c).

The sound absorption coefficients across the 200-1200 Hz fre-
quency range were measured using a BSWA SW4201 impedance
tube with the two-microphone transfer function method, as
depicted in Figs. 3(c) and 3(d). All tests were conducted under con-
trolled ambient conditions to minimize environmental interference.
The impedance tube measurements were conducted under con-
trolled environmental conditions (temperature: 23 + 1°C, relative
humidity: 50 + 5%). Prior to testing, the microphones were cali-
brated using a pistonphone calibrator to ensure measurement accu-
racy within +0.2 dB. Specimens were sealed against the tube using
elastic gaskets to minimize edge effects and ensure rigid boundary
conditions. Each specimen was mounted at one end of the tube
while acoustic excitation was applied at the opposite end. Two
microphones, positioned midway along the tube, captured the
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FIG. 4. Sound absorption coefficients of numerical simulation, theoretical calcu-
lation, and experimental measurement.

incident and reflected pressure waves, enabling the subsequent cal-
culation of the sound absorption coefficients.

Figure 4 presents the sound absorption coefficient distribu-
tions of conventional honeycomb and SHR structures across the
200-1200 Hz frequency range. Thorough verification reveals that
the observed discrepancies primarily originate from thin walls

acoustic effects of four gradient angles Sy ranging from 0° to 33.7°
were systematically evaluated. The corresponding geometric dimen-
sions are summarized in Table 1.

Figure 5(b) illustrates the energy dissipation distribution
within a single SHR unit for different gradient angles, with color
intensity corresponding to dissipation magnitude. Numerical simu-
lations indicate that maximum dissipation occurs near the micro-
pores due to boundary layer effects, while the remaining energy is
attenuated toward the cavity interiors. As the gradient angle
increases, energy dissipation near the primary micropores intensi-
fies by 35%, and a more pronounced enhancement of 54% is
observed around the originally weaker bottom micropores, attribut-
able to reinforced resonant coupling.

Further analysis reveals that total acoustic dissipation stems
from energy losses within both the cavities and interstitial regions.
Figures 5(a) and 5(c) compare the sound absorption coefficients
across different gradient angles and quantify corresponding shifts
in resonance frequency and bandwidth for absorption coefficients
above 0.8. The results show a 14.3% reduction in resonance fre-
quency with increasing gradient angle. Moreover, within the con-
straint of total cavity depth H, the structure with the maximum
gradient angle By achieves absorption coefficients exceeding 0.8

over the 440-530 Hz range. These findings highlight the crucial 4
induced by manufacturing  tolerances, particularly between  role of gradient angle in governing the acoustic behavior of the §
Helmholtz resonators with similar volumetric shapes. These thin SHR structure and validate the advantage of parametrically graded g
walls create unintended acoustic interference among internal cavi- designs for low-to-mid frequency absorption. N
ties, leading to reduced peak values. The design concept is thereby 3
confirmed: under identical dimensional constraints, the SHR struc- §
ture exhibits a substantially lower resonance frequency than its con- g

ventional counterpart. Specifically, the SHR resonance occurs
below 440 Hz, compared to over 710 Hz for the conventional hon-
eycomb—a reduction of approximately 38%. This significant fre-
quency shift underscores the enhanced low-frequency absorption
capacity of the SHR design at equivalent cavity depth, highlighting
its potential for practical noise control applications.

lll. PARAMETRIC STUDIES
A. Structural gradient effect

Following thorough validation of the simulation reliability via
theoretical analysis, we next examine the influence of the stepped
configuration on acoustic performance. The base model maintained

TABLE I. Dimensional relationship between cavity depth h and gradient angle Sy .

B. Influence of micropore parameters

Owing to the multi-channel micropore configuration of the
structure, acoustic losses are predominantly localized near the
micropores, necessitating a systematic investigation into the effect
of micropore geometry on sound absorption performance. To
maintain structural consistency, the gradient angle By was fixed at
its maximum value of 33.7° for the unit thickness, while the honey-
comb dimensions remained identical to those in the numerical
model (t = 1mm, H = 14 mm, and L = 10 mm). The SHR design
features two types of micropores: one set located at the top of the
honeycomb unit, and another arranged in a stepped distribution
along the sides of the central vertical channel. By selectively
varying the diameter and relative position of each micropore set,

ﬁV hl h2 h3 h4 h5 h6 h7 hs h9 th hll hlz
0° 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
16.86° 45 55 6.5 7.5 8.5 9.5 45 55 6.5 7.5 8.5 9.5
31.22° 2.0 4.0 6.0 8.0 10.0 12.0 2.0 4.0 6.0 8.0 10.0 12.0
33.70° 15 37 5.9 8.1 10.3 12,5 15 3.7 5.9 8.1 10.3 12.5
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FIG. 5. Acoustic performance of SHR structures with varied gradient angles: (a) resonance frequency shift and broadband absorption (¢ > 0.8); (b) thermoviscous
energy dissipation distribution; and (c) comparative absorption spectra.
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their individual influence on energy dissipation and overall sound
absorption performance was evaluated.

1. Influence of top micropore parameters

The top micropores function as the primary parallel acoustic
resistance, coupling the internal cavities with the external
environment. Their energy dissipation is governed mainly by
thermoviscous losses, which are influenced by boundary layer
effects—making the relative position of the micropores a relevant
parameter for analysis. This positional relationship is characterized
by the distance w between the micropore edge and the inner cavity
wall. Using the same honeycomb dimensions as in Sec. ITI A, SHR
units with three top micropore diameters D (1.0, 1.5, and 2.0 mm)
and three edge-to-wall distances w (0, 1.2, and 2.4 mm) were sys-
tematically analyzed.

Further analysis of the thermoviscous acoustic field elucidates
the energy dissipation mechanism associated with the top micro-
pores. As demonstrated in Figs. 6(a) and 6(b), numerical simula-
tions reveal two key trends: as the top micropore diameter
decreases, thermoviscous losses become increasingly concentrated
around the pore, with their relative proportion rising from 57% to
80%. Owing to the stepped configuration of cavity depths which
increase clockwise from beneath the top micropore, a comparison
of dissipation across the six regions in the same layer shows that
the dissipation in each of the other five cavity scales with its depth
difference relative to the cavity directly below the top micropore. A
greater depth difference results in stronger energy dissipation.
Simultaneously, a reduction in the sidewall distance w enhances the
boundary layer effect, intensifying dissipation near the sidewall by
approximately 27%.

Figures 6(b)-6(d) illustrate the influence of the two top micro-
pore parameters on the sound absorption coefficient. The results
indicate comparable peak absorption coefficients at resonance for
both parameters. However, the resonance frequency decreases by
21.4% as the top micropore diameter D is reduced and by 10% as
the sidewall distance w decreases. This demonstrates that, among
the top micropore parameters, diameter D exhibits the highest sen-
sitivity—a conclusion further supported by the Pareto chart in
Fig. 6(d). Thus, optimizing the top micropore parameters offers an
effective approach for tuning the low-frequency absorption range
of the SHR structure.

2. Influence of middle micropore parameters

The middle micropores serve as the final-stage parallel acous-
tic resistance, linking the central vertical cavity to individual sub-
cavities, with their diameter designated as d. Adopting the same
honeycomb geometry as in Sec. III A and considering the acoustic
interference range, the axial separation between the middle and top
micropores is identified as a key factor influencing sound absorp-
tion performance. Given the varying height / of each cavity, the
average axial distance from the middle micropores to the top
surface is calculated as follows (unit: mm):

12

1
Yaverage = EZ}’:’:

(12)
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where y; denotes the axial distance from the middle micropore
of the ith cavity to the top surface. Based on the cooperative
Helmholtz resonance mechanism, the acoustic dissipation
behavior was analyzed with respect to the diameter and position
of the middle micropores. Figure 7(a) shows the energy dissipa-
tion distributions at resonance for SHR units with different
middle micropore diameters d and average axial distances
Yaverage- The results indicate that a reduction in d increases the
thermoviscous loss around the pore itself by 19%, consistent
with the behavior observed at the top micropore. More notably,
due to the modified cavity channel volume, the thermoviscous
loss at the corresponding middle micropore in the adjacent layer
increases by 65%. This substantial enhancement underscores the
significant influence of the middle micropore diameter on the
global resonance behavior. Furthermore, as ygyerqge increases,
thermoviscous losses along the sidewalls of the central hexagonal
channel rise markedly, leading to a total dissipation increase of
approximately 25%.

The sound absorption coefficients obtained from numerical
simulations for the two parameters are plotted in Fig. 7(b). Results
show that the resonance frequency decreases by 13.0% as the
middle micropore diameter d is reduced and by 12.3% as the
average axial distance ygyerqee increases. The Pareto chart in
Fig. 7(d) indicates that both parameters exert a similar influence on
the absorption bandwidth of the SHR structure. However, as
shown in Fig. 7(c), reducing d lowers the average peak absorption
coefficient from 0.982 to 0.910—a 7.3% reduction—while varying
Yaverage Maintains nearly constant peak absorption. Therefore, to
achieve a target resonance frequency, adjusting the relative position
Yaverage Offers greater potential for design optimization.

C. Influence of multi-cavity parallel combination

To broaden the effective sound absorption bandwidth, we
maintained the honeycomb geometry from Sec. III A and imple-
mented acoustic impedance coupling via parallel arrangement.
Three SHR configurations with distinct parameter sets were investi-
gated. Using the Isight multi-objective optimization (MOP) frame-
work, we defined the optimization parameters as the gradient angle
By, micropore diameters (D, d), and spatial positions (w, ;). The
objective functions were set to minimize the resonance frequency
while maximizing the half-absorption bandwidth, with weighting
factors of 0.6 and 0.4 assigned, respectively, to prioritize low-
frequency performance. Manufacturing constraints included micro-
pore diameters >1.0mm and fixed cavity depth H = 15mm.
Through this approach, the optimal structural parameters summa-
rized in Table IT were obtained. A conventional parallel honeycomb
structure with identical D; — D; and w; — w; values, but lacking
the internal stepped configuration, was designed as a control group
[Fig. 8(a)].

Simulation results indicate that the optimized parallel SHR
configuration offers pronounced sound absorption advantages in
the mid-to-low frequency range (200-1200 Hz). As shown in
Fig. 8(d), while the parallel arrangement reduces local perfor-
mance—decreasing the peak absorption coefficient near reso-
nance by 12% compared to a single unit. This phenomenon can
be primarily attributed to the parallel configuration of multiple
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FIG. 6. Acoustic performance of SHR structures with varied top micropore parameters: (a) thermoviscous energy dissipation distribution; (b) sound absorption coefficient;
(c) average peak sound absorption coefficient; and (d) Pareto chart.

resonators. Unlike a conventional Helmholtz cavity, which con- and diminishes peak performance at specific resonant frequen-
fines energy predominantly to a single frequency, this arrange- cies. The optimized parallel SHR configuration substantially
ment distributes acoustic energy across a broader spectral range. broadens the half-absorption bandwidth to 300Hz (350-

Consequently, it compromises localized absorption efficiency 650 Hz), representing a 275% increase relative to the single SHR
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FIG. 7. Acoustic performance of SHR structures with varied middle micropore parameters: (a) thermoviscous energy dissipation distribution; (b) sound absorption coeffi-
cient; (c) average peak sound absorption coefficient; and (d) Pareto chart.
structure (80 Hz). Furthermore, although the overall half- cutoff frequency for o > 0.5 from 580 to 350 Hz—a reduction of
absorption bandwidth of the SHR parallel configuration (300 Hz) 39.6% [Figs. 8(b)-8(c)]. This effectively extends the effective
remains narrower than that of the conventional parallel absorption range of the 15 mm-thick metamaterial toward lower
structure (500 Hz), the SHR design significantly lowers the frequencies.
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TABLE II. Parameters of the SHR parallel combination structure.
Structural groups/parametric By ©) D (mm) w (mm) d (mm) Yaverage (M) H (mm) t (mm) L (mm)
Structure 1 33.7 1.0 0 1.4 10.25 15.0 1.0 10.0
Structure 11 31.22 1.5 1.2 1.5 10.25 15.0 1.0 10.0
Structure 11T 0 2.0 2.4 14 10.25 15.0 1.0 10.0

This performance improvement, realized through precise

tuning

tecture

. As shown in Table III, compared with representative sound-absorbing structures with enhanced efficiency.
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metamaterial absorbers, the findings demonstrate that the parallel
of cavity gradients and micropore geometry, is attributed to SHR configuration holds practical potential for
the impedance gradient matching characteristics and the synergistic
interaction of multiple resonance modes inherent to the SHR archi-

industrial
low-to-mid frequency (350-650 Hz) noise control, while also pro-
viding a theoretical basis for developing future broadband
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FIG. 8. Performance comparison between SHR parallel combination and conventional parallel combination structures: (a) schematic of parallel combination configuration;
(b) half-absorption bandwidth comparison; (c) comparison of lowest frequency (fmin) for @ > 0.5; and (d) sound absorption coefficient comparison.
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TABLE lll. Parameters of the SHR parallel combination structure.
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Thickness Peak Bandwidth
Study Structure type (mm) absorption (Hz, a>0.5)
Chen et al.zr” Helmholtz resonators with side slits 41.0 0.95 420-970
Kong and Fu’’ Butterfly double-panel metastructure filled with porous materials 28.0 0.99 380-750
Santos et al.** Coupled resonators 24.0 0.98 400-680
Liu et al.*” A nested and ventilated metasurface based on multi-slit synergetic 39.1 0.90 450-650

resonance

This work Stepped Helmholtz resonators 17.0 0.96 350-530

IV. CONCLUSIONS

This study systematically examines the low-to-mid frequency
acoustic performance of honeycomb metamaterials incorporating
SHR structures through combined theoretical and numerical
approaches. The research elucidates the influence of geometric
parameters and structural coupling mechanisms on sound absorp-
tion characteristics, with rigorous benchmarking against conven-
tional honeycomb designs. The analysis reveals three principal
findings regarding the enhanced acoustic performance of SHR
structures in the target frequency range:

e Additively manufactured specimens were experimentally charac-
terized via impedance tube testing. Results confirm that the para-
metrically designed SHR structure attains a resonance frequency
below 440 Hz, representing a 38% reduction compared to con-
ventional honeycomb designs.

e Key dimensional parameters critically govern the acoustic behav-
ior of the SHR structure. The introduced gradient angle enables a
14.3% shift in resonance frequency within a 15 mm cavity depth,
offering a novel strategy for low-frequency tuning. Furthermore,
reducing micropore diameters effectively lowers the resonance fre-
quency, with the top (D) and middle (d) micropores contributing
reductions of 21.4% and 13.0%, respectively. Strategic relocation of
micropores closer to inner walls or increasing inter-pore distances
also yields significant resonance frequency reduction, providing
clear pathways for low-frequency structural optimization.

e Parametric optimization integrating three micropore sizes
expanded the half-absorption bandwidth by 275% relative to a
single unit, while largely preserving the high peak absorption
coefficients of individual elements. The parallel SHR configura-
tion achieves effective absorption (a > 0.5) from 350 to 650 Hz,
reducing the lower cutoff frequency by 39.6% compared to con-
ventional parallel structures (580 Hz).
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