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To overcome the narrow absorption bandwidth of conventional Helmholtz resonator-based acoustic metama-

terials in the low-frequency range, this study proposes a multi-layer honeycomb acoustic metamaterial with 
embedded long-curved-neck Helmholtz resonators (ELCN-HR). A comprehensive methodology integrating the-

oretical analysis, numerical simulations, and experimental testing is employed to systematically investigate the 
modulation of resonance frequency by neck geometric parameters and the multi-resonance mode superposition 
mechanism induced by hierarchical coupling. The results show that the micro-perforation diameter contributes 
the most in all parameters. Furthermore, the elongated ELCN-HR design substantially reduces resonance frequen-

cies while improving acoustic wave dissipation efficiency. Additionally, the multi-layered coupling architecture 
excites localized resonance peaks across adjacent frequency bands, facilitating continuous spectral coupling. Op-

timized simulations demonstrate that the proposed metamaterial achieves a half-absorption bandwidth of 448 
Hz (285–733 Hz), representing a 32% enhancement compared to conventional single-layer Helmholtz coupled 
structures (340 Hz). Moreover, the onset frequency for 𝛼 > 0.5 is reduced from 720 Hz to 285 Hz, signifi-

cantly extending low-frequency absorption performance. Mechanistic analysis confirms that multi-scale acoustic 
impedance gradient matching plays a critical role in enhancing broadband energy dissipation. These findings 
provide a novel design paradigm for developing low-frequency broadband sound-absorbing metamaterials.

1. Introduction

In modern industrialization, noise pollution has become the third 
most significant environmental hazard following air and water con-

tamination [1]. Low-to-mid frequency noise (100–1000 Hz), which is 
particularly prevalent in transportation infrastructure, building ven-

tilation systems, and industrial equipment, exhibits strong penetra-

tion due to its long wavelength [2]. Conventional porous absorbers, 
such as fibrous materials, face inherent limitations in this frequency 
range, including excessive thickness (requiring dimensions equivalent 
to 1/4 of the wavelength) and inefficient energy dissipation. How-

ever, acoustic metamaterials, which utilize subwavelength-scale archi-

tectures, provide innovative solutions to circumvent the mass density 
law [3,4]. Furthermore, advances in additive manufacturing have now 
overcome traditional fabrication constraints, enabling more efficient 
noise control.
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Helmholtz resonator (HR)-based metamaterials have emerged as a 
prominent solution due to their compact configuration and tunable low-

frequency performance [5,6]. Extensive research has demonstrated that 
the acoustic absorption characteristics of HRs are predominantly deter-

mined by neck parameters (diameter, length, and cross-sectional geom-

etry) and cavity morphology [7,8]. Nevertheless, their practical appli-

cability remains significantly constrained by inherently narrowband ab-

sorption properties (typically limited to < 1∕3 octave bandwidth), which 
stems from their excessively high quality (𝑄) factor. Current broad-

band strategies for HR metamaterials primarily adopt three distinct 
approaches: (1) Gradient structural designs that modulate neck lengths 
or cavity volumes to generate multiple resonance peaks [9–17]; (2) Hy-

brid resonance coupling that integrates multi-cavity HRs with auxiliary 
components such as membranes or panels to excite mixed vibrational 
modes [18–23]. This approach overcomes the performance limitations 
of conventional materials, but needs exceptionally high manufacturing 
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Fig. 1. Honeycomb ELCN-HR metamaterial structure: (a) overall design; (b) sound absorption mechanisms and dimensional parameters. 

precision; and (3) Enhanced energy dissipation mechanisms incorpo-

rating porous media or labyrinthine channel configurations [24–34]. 
Recent developments have explored serrated or petaled neck designs 
to augment thermo-viscous losses, although these implementations en-

counter significant fabrication challenges due to their complex internal 
architectures [35–40].

These advancements highlight two persistent challenges in current 
HR-based metamaterials. The first one is that the inherent single-

resonance narrowband absorption mechanism of conventional 
Helmholtz resonators fundamentally constrains effective inter-peak cou-

pling. In addition, significant acoustic impedance mismatch occurring at 
resonator necks induces substantial energy reflection, particularly com-

promising low-frequency dissipation performance. These limitations 
underscore the critical need for innovative design paradigms capable of 
simultaneously achieving multimodal resonance excitation and graded 
acoustic impedance matching.

To address the demanding operational requirements in practical 
engineering applications, this study employs a honeycomb-based ar-

chitectural framework that simultaneously offers superior out-of-plane 
compressive strength, enhanced shear resistance, and optimal spatial 

utilization [41]. Within this structural paradigm, an innovative coupled 
system incorporating embedded long-curved-neck Helmholtz resonators 
(ELCN-HR) is introduced to systematically examine the modulation ef-

fects of elongated long-curved-neck geometries and multi-layer coupling 
strategies on low-frequency acoustic absorption performance. The spa-

tial coupling between the embedded long-curved-neck configuration 
and hexagonal cavities establishes a composite resonance system fea-

turing graded acoustic impedance, thereby facilitating comprehensive 
investigation of physical mechanisms for low-frequency bandwidth en-

hancement. A rigorously developed finite element model demonstrates 
the synergistic improvement in broadband absorption through opti-

mized acoustic impedance matching and multimodal energy dissipation 
in multi-layered Helmholtz cavities, while quantitatively characterizing 
boundary layer modulation effects arising from neck geometric cur-

vature. Complementary experimental validation employs an acoustic 
testing platform to analyze key frequency-selective absorption char-

acteristics, with microstructure characterization elucidating fundamen-

tal structure-property relationships between geometric parameters and 
acoustic performance metrics.
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2. Structure design

The fundamental design principle of the honeycomb ELCN-HR meta-

material is to simultaneously accomplish low-frequency sound absorp-

tion through ELCN-HR and achieve broadband performance via multi-

layer resonance superposition. As illustrated in Fig. 1(a), each hexagonal 
unit cell incorporates 3 independent resonant cavities, wherein acous-

tic waves propagate through strategically designed curved necks before 
entering the k-layer (where 𝑘 = 1, 2, 3) Helmholtz resonator cham-

bers. Fig. 1(b) uses cutaway views to label key geometrically controlled 
parameters that govern its acoustic performance. These parameters in-

clude: total structure height (𝐻), individual cavity layer height (ℎ𝑘), 
vertical neck dimension (𝑒𝑘), horizontal neck length (𝑠𝑘), curvature 
radius (𝑟𝑘), hexagonal unit cell length (𝐿), wall thickness (𝑡), and micro-

perforation diameter (𝑑𝑘). The curvature radius 𝑟𝑘 is mathematically 
defined as the radius of the osculating circle to the geometric centerline 
of the curved neck channel, which fundamentally governs the arc length 
of the acoustic transmission pathway. In the schematic representation, 
light-blue regions demarcate the internal Helmholtz resonator cavities, 
while graduated color gradients differentiate the ELCN resonator struc-

tures across layers.

The honeycomb ELCN-HR architecture facilitates three-dimensional 
resonator alignment while preserving complete acoustic isolation be-

tween adjacent cavities, thereby significantly improving low-frequency 
absorption performance. This innovative configuration achieves syner-

gistic integration of localized resonance tuning (mediated through pre-

cise neck geometry optimization) and broadband coupling effects (en-

abled by controlled layer interactions), ultimately establishing a dual-

function mechanism for substantial bandwidth enhancement.

The sound absorption coefficient of the cavity can be derived from 
the following acoustic impedance equation: [42]:

𝛼 = 1 − |𝑅|2 = 1 −
||||𝑍𝑠∕𝑍0 − 1
𝑍𝑠∕𝑍0 + 1

|||| . (1)

Here, R denotes the reflection coefficient, while 𝑍0 = 𝜌0𝑐0 repre-

sents the characteristic acoustic impedance of air, with 𝜌0 being the 
ambient air density and 𝑐0 denoting the speed of sound in air. The sur-

face acoustic impedance 𝑍𝑠 of the honeycomb ELCN-HR unit cell is 
expressed as [42–44]:

𝑍𝑠 =𝑍𝑛 +𝑍𝑐, (2)

where 𝑍𝑠 comprises two distinct components: 𝑍𝑛, the surface 
impedance of the perforated upper panel incorporating the embedded 
neck structure; and 𝑍𝑐 , the acoustic impedance of the air contained 
within the hexagonal prism cavity, modified by the neck geometry. The 
impedance 𝑍𝑛 is mathematically defined as the complex ratio of the 
pressure differential across the aperture to the mean particle velocity, 
expressed as [45]:

𝑍𝑛 =
[𝑝(𝑧+ 𝑙) − 𝑝(𝑧)]

𝑣(𝑧+ 𝑙∕2) 
, (3)

where 𝑝(𝑧) = 𝑝𝑒−𝑗𝑘𝑙𝑧, 𝑣(𝑧) = 𝑣𝑒−𝑗𝑘𝑙𝑧, 𝑙 = 𝑒𝑙+ 𝑠𝑙 +1∕4(2𝜋𝑟𝑙), substituting:

𝑍𝑛 =
(𝑒−𝑗𝑘𝑙𝑧 − 𝑒−𝑗𝑘𝑙 )𝑝(𝑧)

𝑣(𝑧) 
= −2𝑗𝑍𝑙 sin(

𝑘𝑙𝑙

2 
). (4)

To account for both viscous and thermal dissipation effects dur-

ing sound wave propagation through the air channel of circular cross-

section in the neck region, the viscous and thermal field functions, Ψ𝑣

and Ψℎ respectively can be derived by implementing appropriate field 
function formulations [46]:

𝑘𝑙
2 = 𝑘0

2
(
𝛾 − (𝛾 − 1)Ψℎ

Ψ𝑣

)
, (5)

and

𝜌𝑙 =
𝜌0
Ψ𝑣

. (6)

Substituting Eq. (5) and Eq. (6) into Eq. (4) yields:

𝑍𝑛 = −
2𝑗𝜌0𝑐0 sin(

𝑘𝑙𝑙

2 ) √
𝛾 − (𝛾 − 1)Ψℎ

. (7)

Due to the geometric irregularity introduced by the curved neck 
within the cavity, the volume velocity 𝑈 of the honeycomb hexagonal 
prism is determined through numerical integration. The corresponding 
acoustic impedance 𝑍𝑐 of the cavity, incorporating both viscous and 
thermal dissipation effects, can be expressed as [45,47]:

𝑍𝑐 =
𝑝 
𝑣
=

𝑝𝑆𝑙

𝑈
= −

𝑗𝑆𝑙𝜌𝑙𝑐𝑙
2

𝜔𝑉 
, (8)

where 𝑆𝑙 denotes the cross-sectional area of the aperture, 𝑉 represents 
the effective cavity volume after accounting for the neck geometry, 
and 𝜌𝑙 is defined by Eq. (6). Incorporating the total surface area 𝑆𝐴

of the structure with appropriate end corrections, the resultant acoustic 
impedance is computed as [45]:

𝑍𝑠 =
𝑆𝐴

𝑆𝑙

⎛⎜⎜⎝−
2𝑗𝜌0𝑐0 sin(

𝑘𝑙𝑙

2 ) √
𝛾 − (𝛾 − 1)Ψℎ

−
𝑗𝑆𝑙𝜌𝑙𝑐𝑙

2

𝜔𝑉 
+ 𝑗𝜔𝜌0𝛿 + 2

√
2𝜔𝜌0𝜂

)
, (9)

where 𝜂 is the dynamic viscosity of air, 𝜔 represents the angular fre-

quency, 𝛿 = 0.424𝑑𝑙[1 + (1 − 1.25𝜀)] corresponds to the end correc-

tion for acoustic mass arising from wave radiation effects. For a reg-

ular hexagonal prism cavity, the perforation ratio 𝜀 is given by 𝜀 =
𝑑𝑙∕2(𝑙 − 𝑡∕cos(𝜋∕6)). An additional correction term 2

√
2𝜔𝜌0𝜂 is in-

cluded to account for boundary layer viscous losses due to airflow fric-

tion [42,43,45].

3. Numerical model setup

To investigate the fundamental sound absorption mechanism of the 
honeycomb ELCN-HR metamaterial, a three-dimensional finite element 
model (FEM) was developed in COMSOL Multiphysics® using the Pres-

sure Acoustics and Thermo-viscous Acoustics modules [48–51]. The 
computational domain, configured according to the 𝑘 = 3 hierarchical 
architecture, was discretized with the following geometric parameters: 
total height 𝐻 = 23 mm, hexagonal unit cell length 𝐿 = 10 mm, and 
wall thickness 𝑡 = 1 mm (Fig. 2). All structural boundaries were mod-

eled as acoustically rigid surfaces to simulate ideal reflection conditions.

The thermo-viscous acoustics physics interface was employed with 
specialized boundary layer attributes to accurately capture the thermo-

viscous dissipation effects within the micro-perforated neck regions. 
A harmonic plane wave excitation (amplitude: 1 Pa, propagation along 
z-axis) was imposed on the background pressure field, while a per-

fectly matched layer (PML) was implemented at the top boundary to 
effectively absorb outgoing waves and prevent numerical reflections. 
Periodic boundary conditions were rigorously enforced on lateral do-

mains to properly represent the metamaterial’s hexagonal periodicity. 
To ensure numerical fidelity, boundary layer attributes were specifically 
assigned micro-perforated neck surfaces and hexagonal sidewalls. The 
absorption coefficient of the ELCN-HR unit cell was then quantitatively 
evaluated using Eq. (1).

4. Results and discussion

4.1. Parametric analysis of single-layer cavity configuration

To elucidate the acoustic performance of the honeycomb ELCN-HR 
unit structure, an analytical model is first developed to characterize the 
sound absorption behavior of a single-cavity configuration. The base-

line geometric parameters of the unit cell were defined as follows: total 
height 𝐻 = 23 mm, cross-sectional dimensions 𝐿 × 𝑊 = 10 mm × 
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Fig. 2. Finite Element Mesh Configuration of Honeycomb ELCN-HR Unit Cell: (a) 3D Meshing Scheme; (b) 2D Cross-Sectional View of the Mesh. 

Table 1
Parameter settings of the single-layer cavity.

Parametric 
Clusters 

A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3

Bend neck radius. 𝑟(mm) 1.5 4.5 7.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Vertical length. 𝑒(mm) 9.5 9.5 9.5 5.0 9.5 14.0 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 
Horizontal length. 𝑠(mm) 7.0 7.0 7.0 7.0 7.0 7.0 2.0 7.0 13.0 7.0 7.0 7.0 7.0 7.0 7.0 
Cavity depth. ℎ(mm) 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 13.0 17.0 21.0 21.0 21.0 
Microporous diameter. 𝑑(mm) 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.4 1.7 2.0 

Fig. 3. Parametric Effects on Absorption Performance of Single-layer Honeycomb ELCN-HR Cavity: (a) Sound Absorption Coefficients; (b) Pareto Chart; (c) Effective 
Bandwidths (𝛼 > 0.7).
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Fig. 4. Thermo-viscous Energy Dissipation in Single-layer Honeycomb ELCN-HR Cavity: (a) Bending Neck Radius 𝑟; (b) Vertical Neck Length 𝑒; (c) Horizontal Neck 
Length 𝑠; (d) Micro-perforation Diameter 𝑑; (e) Cavity Depth ℎ.

10 mm, and wall thickness 𝑡 = 1 mm. Employing a controlled-variable 
approach, we systematically examined the influence of key parameters 
of neck geometry on acoustic absorption performance, including: radius 
of curvature of the curved-neck centerline 𝑟, vertical neck length 𝑒, hori-

zontal neck length 𝑠, micro-perforation diameter 𝑑, and cavity depth ℎ. 
The specific parametric combinations investigated are detailed in Ta-

ble 1, enabling a comprehensive evaluation of their individual and cou-

pled effects on the sound absorption spectrum.

Numerical simulations (Fig. 3(a)) demonstrate consistent parametric 
trends: increasing the radius of curvature (𝑟), vertical neck length (𝑒), 
horizontal neck length (𝑠), or cavity depth (ℎ) induces a downward shift 
in resonance frequency, whereas enlarging the micro-perforation diame-

ter (𝑑) produces an upward frequency shift. These findings indicate that 
manipulating neck path complexity - either by reducing curvature radius 
(𝑟) or increasing the 𝑠∕𝑒 aspect ratio - along with cavity depth mod-

ulation, effectively tunes the characteristic absorption frequencies. To 
quantitatively assess parameter sensitivity, all variables relative to their 
operational ranges are normalized, resulting in normalized resonance 
frequency variations (Δ𝑓 ) across defined intervals with a cumulative 
frequency modulation span of 273 Hz.

Parameter contribution analysis, presented in the Pareto chart 
(Fig. 3(b)), reveals the micro-perforation diameter (𝑑) exhibits the 
highest individual contribution rate (31.14%), substantially exceed-

ing other parameters: cavity depth (ℎ, 24.18%), horizontal neck length 
(𝑠, 20.88%), vertical neck length (𝑒, 18.32%), and curvature radius 
(𝑟, 5.49%). This hierarchy confirms the predominant role of micro-

perforation diameter in low-frequency absorption control. Of particular 
significance is the greater influence of horizontal neck length (𝑠) com-

pared to vertical length (𝑒), suggesting enhanced acoustic impedance 
matching occurs in post-curvature regions during wave propagation, 
likely due to improved energy dissipation through optimized boundary 
layer interactions.

The bandwidth analysis presented in Fig. 3(c) reveals a fundamental 
performance trade-off inherent to single-cavity designs: while reducing 
the micro-perforation diameter (𝑑) to 1.4 mm yields a lower resonance 
frequency of 180 Hz, this configuration suffers from a significantly con-

strained absorption bandwidth of merely 15 Hz. Conversely, at 𝑑 = 2.0 
mm, the system preserves a characteristic frequency of 235 Hz while 
achieving an 82 Hz effective bandwidth (defined at 𝛼 > 0.7 threshold). 
These findings provide crucial theoretical insights for multi-parameter 
optimization strategies, demonstrating that judicious selection of micro-

perforation dimensions can effectively balance frequency targeting with 
bandwidth requirements in acoustic metamaterial design.

To elucidate the underlying sound energy dissipation mechanisms, 
Fig. 4 presents a comprehensive analysis of the internal energy dis-

tribution characteristics within the unit cell. Thermo-viscous acoustic 
field simulations reveal two dominant dissipation regions: (1) the inlet 
acoustic boundary layer, contributing approximately 12% of total en-

ergy dissipation, and (2) the neck bending zone, accounting for 81.5% 
of the total dissipation. As demonstrated in Fig. 4(a), a systematic re-

duction in the radius of curvature (𝑟) from 7.5 mm to 1.5 mm results 
in a 77% enhancement of dissipation intensity within the bending zone. 
This finding provides direct evidence that structural asymmetry pro-

motes vortex excitation and consequently enhances energy dissipation 
efficiency.

These findings establish fundamental design principles for multilayer 
metamaterial configurations: (1) Geometric optimization of neck ar-

chitectures plays a pivotal role in maximizing viscothermal dissipation 
efficiency; (2) Systematic coordination between micro-perforation di-

ameter (𝑑) and neck dimensional parameters enables optimal trade-offs 
between target frequency positioning and broadband performance en-

hancement. Together, these principles provide a theoretical foundation 
for developing impedance-matched multilayer acoustic systems with tai-

lored absorption characteristics.

4.2. Dimensional optimization of multilayer cavity configurations

To overcome the intrinsic narrowband limitations of single-cavity 
structures, this study presents a systematic investigation of multilayer 
cavity coupling mechanisms and their impact on acoustic performance 
enhancement. The optimization framework was implemented under 
fixed geometric constraints (hexagonal unit length 𝐿 = 10 mm, wall 
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Table 2
Parameter settings of multilayer cavities.

Number of 
storeys. 𝑘

Parametric 
Storey. i Bend neck radius 

𝑟(mm) 
Vertical length 
𝑒(mm) 

Horizontal length 
𝑠(mm) 

Cavity depth 
ℎ(mm) 

Microporous diameter 
𝑑(mm) 

1 1 1.5 18.0 15.5 21.0 1.8

2
1 1.5 7.0 15.5 10.0 1.8 
2 1.5 18.0 15.5 10.0 2.0

3

1 1.5 2.5 15.5 4.5 1.8 
2 1.5 9.5 15.5 7.0 1.8 
3 1.5 18.0 13.0 9.5 1.8 

Fig. 5. Acoustic Performance Comparison of Multilayer Honeycomb ELCN-HR Cavities: (a) Sound Absorption Coefficients spectra; (b) Fundamental Resonance 
Frequencies 𝑓0; (c) Effective Bandwidths (𝛼 > 0.7).

Fig. 6. Thermo-viscous Energy Dissipation in Multilayer Honeycomb ELCN-HR Unit Cells. 

thickness 𝑡 = 1 mm, total structure height 𝐻 = 23 mm), employ-

ing the Isight multi-objective optimization platform to solve the con-

strained Multi-objective Optimization Problem (MOP). The optimization 
simultaneously targeted two key performance metrics: minimization of 
resonance frequency, and maximization of half-absorption bandwidth. 
Through this approach, optimized geometric parameters are derived, 
which include: Radius of curvature (𝑟), Vertical neck length (𝑒), Hori-

zontal neck length (𝑠), Micro-perforation diameter (𝑑), Cavity depth (ℎ). 
The complete set of optimized parameters is systematically presented in 
Table 2, with corresponding absorption coefficient frequency responses 
depicted in Fig. 5(a)–(c). These results demonstrate the effectiveness of 
the coupled multilayer design in achieving both low-frequency targeting 
and broadband absorption performance.

Numerical simulations reveal substantial acoustic performance en-

hancements through multi-layer structural design: The effective ab-

sorption bandwidth (𝛼 > 0.7) exhibits a remarkable 467% expan-

sion from 34 Hz (single-layer, 𝑘 = 1) to 193 Hz (three-layer, 𝑘 = 
3) configuration, while the minimum effective absorption frequency 
improves by 111% (from 175 Hz to 370 Hz). These performance 
gains originate from carefully engineered graded interlayer dimensions 
that establish smooth acoustic impedance transitions, thereby signif-

icantly broadening the operational bandwidth without compromising 
structural compactness. The multi-layer architecture achieves an opti-

mal compromise between low-frequency targeting and broadband per-

formance, demonstrating clear superiority over conventional single-

resonance designs.
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Fig. 7. Comparative Analysis of Acoustic Absorption in Coupled Multilayer Honeycomb ELCN-HR Cavities: (a) Sound Absorption Coefficients; (b) Minimum Effective 
Frequencies (𝛼 > 0.5, 𝑓𝑚𝑖𝑛); (c) Effective Bandwidths (𝛼 > 0.5).

Further investigation of the thermo-viscous acoustic fields (Fig. 6) 
elucidates the underlying dissipation mechanisms in the multilayer 
system. Simulation results indicate that maximum energy dissipation 
consistently occurs at the neck bending regions within each honey-

comb ELCN-HR layer. Notably, increasing the horizontal neck length (𝑠) 
to approach the hexagonal sidewalls enhances boundary layer effects, 
boosting dissipation intensity near the sidewalls by approximately 30%. 
Concurrently, the top-layer cavity contributes 62% of the total thermo-

viscous dissipation, a phenomenon attributed to nonlinear dissipation 
amplification caused by pronounced velocity gradients during acoustic 
wave propagation. This study conclusively establishes the dual advan-

tages of parametrically graded multilayer honeycomb ELCN-HR struc-

tures for low-to-mid frequency broadband sound absorption, providing 
both fundamental insights and practical design guidelines for develop-

ing next-generation acoustic metamaterials with exceptional wideband 
performance characteristics.

This study implemented a comprehensive multi-objective optimiza-

tion framework using the Isight platform to solve the constrained Multi-

objective Optimization Problem (MOP), with the objectives of minimiz-

ing fundamental resonance frequencies, and maximizing half-absorption 
bandwidth. Through systematic parameter space exploration, we quan-

titatively evaluated the acoustic performance sensitivity to five key geo-

metric parameters: radius of curvature 𝑟, vertical neck length 𝑒, horizon-

tal neck length 𝑠, micro-perforation diameter 𝑑, and cavity depth ℎ. The 
optimization process generated a robust dataset of Pareto-optimal solu-

tions, with representative configurations systematically documented in 
Table 2.

4.3. Analysis of unit structure coupling effects

To meet the critical need for effective low-to-mid frequency noise 
mitigation in industrial environments, this research developed an ad-

vanced multilayer honeycomb ELCN-HR coupled acoustic metamaterial 
through a rigorous multi-objective optimization (MOP) framework. The 

study focused on systematically characterizing the acoustic response 
within the target frequency spectrum of 200-1100 Hz to quantitatively 
assess performance enhancements. Three optimized unit configurations 
were coupled, and the absorption performance was evaluated through 
comparative finite element simulations.

Fig. 7 presents a systematic comparison of three distinct coupled 
acoustic metamaterial configurations: the proposed multilayer hon-

eycomb ELCN-HR, multi-layer honeycomb resonators with embedded 
apertures (HREA), and unlayered honeycomb resonators with embedded 
apertures (HREA). All configurations maintain consistent hexagonal unit 
cell dimensions (𝐿 = 10 mm, 𝑡 = 1 mm, 𝐻 = 23 mm), identical to the 
single-cavity reference study, while incorporating gradient-optimized 
micro-perforation parameters (𝑑1–𝑑9 = 1.7, 2.1, 2.3, 1.8, 1.9, 2.1, 1.9, 
2.0, 2.2 mm). The corresponding absorption coefficient frequency re-

sponses are quantitatively compared in Fig. 7(a).

The numerical simulations reveal that the optimized multilayer hon-

eycomb ELCN-HR coupled structure demonstrates superior acoustic ab-

sorption performance in the low-to-mid frequency range (200-1100 Hz), 
exhibiting three distinct advantages: first, it achieves an extended half-

absorption bandwidth (𝛼 > 0.5) of 448 Hz (285-733 Hz), representing a 
32% improvement over conventional unlayered HREA designs (340 Hz) 
while maintaining comparable performance to multi-layer HREA config-

urations (440 Hz); second, it significantly reduces the onset frequency 
for effective absorption (𝛼 > 0.5) from 720 Hz to 285 Hz, corresponding 
to a remarkable 60% reduction that effectively extends the operational 
bandwidth to lower frequencies; and third, these performance enhance-

ments are attributed to the optimized hierarchical coupling mechanism 
and improved impedance matching characteristics inherent in the novel 
metamaterial design. These findings collectively demonstrate the struc-

ture’s potential for advanced noise control applications requiring broad-

band low-frequency absorption capabilities.

This significant performance enhancement can be fundamentally at-

tributed to a precisely engineered graded impedance matching system 
and synergistic multi-resonance coupling effects enabled by multi-layer 
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Fig. 8. Experimental Setup and Specimens: (a) Multilayer Honeycomb ELCN-HR Coupled Structure Specimen; (b) Schematic of Experimental System; (c) Impedance 
Tube Configuration.

Fig. 9. Comparison of Experimental Sound Absorption Coefficients with Theo-

retical Calculations and Numerical Simulations.

cavity distribution. The experimental and numerical results validate the 
practical viability of multilayer honeycomb ELCN-HR coupled structures 
for industrial noise mitigation applications, particularly in the critical 
200-1100 Hz frequency band.

5. Experimental and verification

To systematically evaluate the acoustic performance of the multi-

layer honeycomb ELCN-HR structure, comprehensive experimental in-

vestigations were conducted in conjunction with numerical simulations 
and theoretical analyses. As illustrated in Fig. 8(a)–(c), the sound ab-

sorption coefficients within the frequency range of 200–800 Hz were 
experimentally determined using a BSWA SW4201 dual-microphone 
impedance tube system. The testing environment was maintained un-

der strictly controlled conditions, with an ambient temperature of 23 
± 0.5 °C and a relative humidity of 50 ± 3%. To ensure precise acous-

tic measurements, elastic sealing rings were employed to establish an 
airtight boundary between the sample and the tube walls. A linear 
sweep white noise signal was utilized as the excitation source, while 

incident and reflected acoustic waves were captured by two 1/4-inch 
measurement microphones positioned 20 mm apart. The sound absorp-

tion coefficients were subsequently calculated using the transfer func-

tion method.

Given the miniaturized dimensions and stringent precision require-

ments of the structure, additive manufacturing was utilized for specimen 
fabrication [52]. To meet practical engineering demands—particularly 
in aerospace applications involving high-vibration environments and 
severe impact loads—poly(ether-ether-ketone) (PEEK) was chosen as 
the base material due to its high elastic modulus, exceptional tensile 
strength, superior toughness, and impact resistance. The material prop-

erties include a density of 1300 kg/m3, a longitudinal wave speed of 
1740 m/s (at room temperature), and a printing accuracy of ±0.2 mm. 
To assess the acoustic performance differences between the SHR-MPP 
structure and conventional honeycomb configurations, specimens were 
fabricated in strict accordance with numerical model parameters. All 
structures featured an outer diameter of 98 mm, a total thickness of 23 
mm (wall thickness: 1 mm), and identical micro-perforation gradients 
(𝑑1–𝑑9).

The specimens, comprising conventional coupled honeycomb HR 
and multilayer honeycomb ELCN-HR structures, were fabricated us-

ing high-temperature fused deposition modeling (FDM) with an angled 
monolithic printing approach. As depicted in Fig. 8(a), which presents 
the multilayer ELCN-HR structure with cross-sectional transparency, a 
45◦ tilt printing strategy was employed. This orientation ensured cav-

ity sealing integrity while eliminating the need for internal support 
structures by aligning all neck openings on a single side. Subsequent 
impedance tube testing was performed to evaluate and compare the 
acoustic absorption characteristics of both configurations.

The comparative results in Fig. 9 demonstrate excellent agreement 
between experimental measurements and theoretical/numerical predic-

tions in characteristic peak positions (maximum deviation <2%). How-

ever, the experimental absorption peaks exhibit a 10–16% reduction 
relative to theoretical values, attributable to three primary factors: (1) 
discrepancies between the actual acoustic impedance of PEEK and the-

oretical assumptions; (2) limited spatial utilization (19 unit cells within 
the 98 mm-diameter specimen); and (3) residual standing wave effects 
in the impedance tube measurements. Performance analysis reveals that 
the multilayer honeycomb ELCN-HR coupled structure achieves a half-

absorption bandwidth of 382 Hz (318–700 Hz), representing a 14% 
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reduction compared to theoretical predictions. This deviation primar-

ily originates from manufacturing tolerances in the printed structures 
and layer-pattern effects at micro-perforation edges, which induce lo-

calized resonance frequency shifts in cavity regions.

The verification demonstrates that the multilayer coupling design 
effectively addresses the low-frequency limitations inherent in conven-

tional Helmholtz resonators. Additive manufacturing proves capable of 
meeting the stringent precision demands for fabricating complex acous-

tic metamaterials, thereby providing a viable technical solution for engi-

neering applications requiring customized sound-absorbing structures.

6. Conclusions

This study systematically investigates the acoustic modulation mech-

anisms and engineering potential of multilayer honeycomb ELCN-HR 
structures through parametric optimization, numerical simulation, and 
experimental validation. The key findings are:

• Parametric Sensitivity in Single-Unit Structures: Single-layer ELCN-

HR structures exhibit nonlinear dependence of sound absorption 
performance on geometric parameters. Numerical simulations in-

dicate that resonance frequencies can be effectively reduced by: 
(i) decreasing micro-perforation diameter (𝑑), (ii) increasing hor-

izontal neck length (𝑠), (iii) reducing curvature radius of the neck 
centerline (𝑟), or (iv) enlarging cavity depth (ℎ). Pareto analysis 
quantifies 𝑑 as the most influential parameter (31.14% contribu-

tion rate) for low-frequency absorption. However, the fundamental 
trade-off between low-frequency targeting and bandwidth expan-

sion persists in single-cavity designs.

• Multilayer Structural Breakthrough: The hierarchical ELCN-HR ar-

chitecture overcomes single-cavity limitations through coupled res-

onance and graded design. Maintaining constant total height (𝐻 = 
23 mm), increasing layers from 𝑘=1 to 𝑘=3 expands the effective 
bandwidth (𝛼 > 0.7) from 34 Hz to 193 Hz (467% improvement). 
This enhancement arises from: (i) 30% increased boundary layer 
dissipation near sidewalls, and (ii) improved impedance matching 
through interlayer dimensional gradients.

• Multi-Unit Coupling Performance: The optimized multilayer struc-

ture achieves a 448 Hz half-absorption bandwidth (285-733 Hz) 
within 200-1100 Hz, representing a 32% improvement over con-

ventional designs. Notably, the 𝛼 > 0.5 threshold frequency de-

creases from 720 Hz to 285 Hz (60% reduction), significantly ex-

tending low-frequency performance. Impedance tube experiments 
validate these results, showing excellent agreement among theo-

retical, simulated, and measured data. This advancement stems 
from synergistic graded impedance matching and multi-resonance 
coupling, enabling efficient low-frequency dissipation through pre-

cisely tuned micro-perforations and hierarchical cavity distribution.

In conclusion, this work develops a design paradigm for graded 
multilayer ELCN-HR structures that reconciles the low-frequency ver-

sus bandwidth trade-off through parametric optimization. The findings 
provide both theoretical insights and practical methodologies for engi-

neering high-performance acoustic absorbers with significant industrial 
application potential.
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