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ABSTRACT 

This study presents the design, fabrication, and performance optimization of a high-performance acoustic textile 

engineered from a nonwoven composite structure, with the aim of enhancing sound absorption in critical acoustic 

environments. A monolithic composite with a continuous density gradient was fabricated using polyester (PET) staple 

fibers of two distinct linear densities: 3.3 dtex (3 denier) and 16.7 dtex (15 denier). Hereafter, we use denier consistently, 

and the abbreviations 3D/15D refer to 3 denier and 15 denier, respectively (conversion: 1 dtex ≈ 0.9 denier). The textile 

manufacturing process involved industrial carding to form fibrous webs, strategic layering of 100% 15D, a 50/50 blend, 

and 100% 3D PET webs, followed by mechanical consolidation via a needle-punching process. This technique creates a 

unique micro-to-macro fibrous architecture, transitioning from a low-density, coarse-fiber sound-incident layer to a high-

density, fine-fiber back layer. This engineered structure establishes a gradient in airflow resistance, creating an improved 

gradient for acoustic impedance and thereby minimizing surface reflection under normal incidence. The influence of key 

structural parameters, including area density (1,200–1,800 g/m²) and thickness (15–25 mm), was systematically 

investigated, with the sound absorption coefficient measured according to ASTM E1050. An optimized composite textile 

(1,600 g/m², 20 mm) demonstrated superior absorption, achieving a Noise Reduction Coefficient (NRC) of 0.75 (based on 

normal incidence data), significantly outperforming a uniform control sample. This work validates a microstructural 

engineering strategy for developing advanced functional nonwoven textiles. 
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INTRODUCTION 

The intrinsic quality of a musical performance is inextricably linked to the acous�c character of the space in 

which it occurs. In architectural acous�cs, spaces designed for music—such as concert halls, opera houses, 
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recording studios, and rehearsal rooms—are considered among the most demanding environments to design 

[1,2]. The primary objec�ve is to create a sound field that enhances the musical experience, characterized by 

desirable atributes like appropriate reverbera�on, good clarity, spaciousness, and the absence of acous�c 

defects [1,3]. Uncontrolled sound reflec�ons from acous�cally reflec�ve surfaces (walls, ceilings, and floors) 

can lead to a host of problems, including excessive reverbera�on �me (RT60), which masks temporal details 

in music; standing waves, which cause uneven sound distribu�on; and fluter echoes, which introduce a 

disturbing ringing colora�on [4]. Consequently, the strategic applica�on of sound-absorbing materials is an 

indispensable tool for the acous�c engineer to sculpt the room’s response and achieve the desired auditory 

ambiance [4]. 

For decades, the field of acous�c treatment has been dominated by tradi�onal materials like fiberglass, 

mineral wool, and open-cell polyurethane foams [5]. While acous�cally effec�ve, these materials are not 

without drawbacks. Concerns regarding the inhala�on of fine fibers, the use of formaldehyde-based binders, 

limited aesthe�c op�ons, and difficul�es in installa�on and maintenance have spurred significant research 

into alterna�ve solu�ons [6]. In this context, fibrous tex�le materials, and nonwovens in par�cular, have 

garnered considerable aten�on as a promising class of porous sound absorbers. Nonwovens offer a unique 

constella�on of proper�es: they are lightweight, flexible, durable, and can be engineered from a wide range 

of synthe�c and natural fibers, including recycled materials, thus offering sustainability benefits [7,8]. 

Aesthe�cally, they can be produced in various colors and textures, allowing for seamless integra�on into 

interior design concepts [9]. 

The fundamental mechanism of sound absorp�on in porous nonwoven materials is the irreversible 

conversion of acous�c energy into low-grade heat. As a sound wave impinges upon and propagates through 

the tortuous, interconnected pore network of the fibrous structure, it forces the air within the pores to 

oscillate [10]. This oscilla�on gives rise to energy loss through two primary physical processes: viscous fric�on 

at the interface between the oscilla�ng air and the sta�onary fibers, and thermal relaxa�on due to localized 

compression and rarefac�on of the air, leading to heat exchange with the fibers [10]. The efficacy of these 

energy dissipa�on mechanisms is governed by the material’s intrinsic physical proper�es, principally its 

airflow resistance, porosity, and tortuosity. These macroscopic proper�es are, in turn, a direct consequence 

of the material’s microstructure: fiber diameter, fiber orienta�on, bulk density, and overall thickness. 

Much of the exis�ng research on nonwoven sound absorbers has focused on homogeneous, single-layer 
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structures. While effec�ve in the mid-to-high frequency range, these materials o�en struggle to provide 

significant absorp�on at lower frequencies unless a substan�al thickness or a large air gap behind the material 

is employed, which is o�en architecturally undesirable [11,12]. To overcome this limita�on, researchers have 

explored mul�-layer and composite structures. By combining layers with different densi�es or fiber types, it 

is possible to broaden the absorp�on bandwidth. However, such discrete mul�-layer systems can suffer from 

impedance mismatches at the layer interfaces, leading to internal reflec�ons that can compromise overall 

performance [12,13]. This study seeks to advance this field by proposing and systema�cally inves�ga�ng a 

more sophis�cated structural concept: a nonwoven composite with a con�nuous density gradient. 

The core hypothesis of this research is that a monolithic structure with a carefully engineered gradient of 

fiber density—from a highly porous, low-density front layer to a dense, fine-fiber back layer—can achieve a 

more op�mal impedance gradient. The low-density frontal region is designed to act as an impedance-

matching layer, minimizing the ini�al reflec�on of incident sound waves and facilita�ng their penetra�on into 

the material’s core. As the wave travels deeper, it encounters a progressively denser fibrous network, resul�ng 

in a gradual and highly efficient dissipa�on of its energy. This approach avoids the sharp interfaces of mul�-

layer systems and aims to maximize energy loss throughout the material’s en�re thickness. This study focuses 

specifically on polyester (PET) fibers due to their widespread availability and processability. By systema�cally 

fabrica�ng and tes�ng a series of gradient composites, varying key manufacturing parameters like area 

density and thickness, this work aims to establish a clear structure-property rela�onship. The ul�mate goal is 

to provide a detailed, data-driven understanding of how a gradient structure can be op�mized to maximize 

broadband absorp�on efficiency, thereby offering a poten�al pathway for developing advanced materials 

suitable for high-fidelity music environments. 

MATERIALS AND METHODS 

Materials Selection and Rationale 

The selec�on of raw materials is a cri�cal first step in engineering a func�onal nonwoven composite. For this 

study, PET staple fibers were chosen as the exclusive fibrous component. PET is a semi-crystalline 

thermoplas�c polymer widely used in the tex�le industry, and its selec�on was based on several key criteria. 

First, PET fibers exhibit excellent intrinsic mechanical proper�es, including high tensile strength and resilience, 

which translate into a durable and structurally stable final product capable of withstanding handling and 
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installa�on stresses. Second, PET is inherently hydrophobic, demonstra�ng low moisture regain. This 

characteris�c is crucial for acous�c applica�ons, as moisture absorp�on can significantly alter the material’s 

density and pore structure, thereby degrading its sound absorp�on performance over �me. Third, PET fibers 

are available in a wide range of linear densi�es (deniers) and are readily processable using standard 

nonwoven manufacturing techniques such as carding and needle-punching. 

To construct the gradient structure, two dis�nct types of PET staple fibers were sourced: 3 denier (3D; ≈3 dtex) 

and 15 denier (15D; ≈17 dtex); we use denier throughout, and 3D/15D denote 3 denier/15 denier, respec�vely. 

Both fiber types had a consistent staple length of 64 mm to ensure uniform processing behavior. The fine 3D 

fibers, with a higher surface area per unit mass, are highly effec�ve at crea�ng a dense network with high 

airflow resistance, ideal for maximizing viscous losses. Conversely, the coarse 15D fibers are beter suited for 

forming a lo�y, highly porous structure with low airflow resistance, making them ideal for the sound-incident 

impedance-matching layer. 

Fabrication of Gradient Density Nonwoven Composites 

The fabrica�on process was me�culously designed to translate the conceptual gradient structure into a 

physical material. The process involved two main stages: mul�layer web forma�on and mechanical bonding 

via needle-punching. 

• Web Forma�on: The ini�al step was the crea�on of fibrous webs using an industrial-scale carding 

machine. The carding process disentangles clumps of staple fibers and aligns them into a con�nuous, 

uniform web. Three dis�nct types of webs were produced: a web of 100% 15D PET fibers, a web of 

100% 3D PET fibers, and a transi�onal web formed from a 50/50 blend of 15D and 3D fibers. To create 

the precursor bat for the gradient composite, these webs were layered onto a conveyor in a specific 

sequence using a cross-lapper to achieve the target area density and build up thickness. The layering 

sequence was as follows: a botom layer of 100% 3D PET, a middle layer of the 50/50 blend, and a 

top layer of 100% 15D PET. The rela�ve mass propor�ons of these layers were controlled at 

approximately 40% (15D layer), 20% (blend layer), and 40% (3D layer) to ensure a smooth transi�on. 

This configura�on yields an overall fiber composi�on of approximately 50% 15D and 50% 3D by mass, 

iden�cal to that of the uniform control samples, ensuring a true one-to-one comparison. This layered 

assembly served as the founda�on for the con�nuous gradient formed during the bonding stage. 

• Needle-Punching Consolida�on: The unbonded, layered bat was then transported to a DILO needle-
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punching loom for mechanical consolida�on. Needle-punching is a process in which a bed of barbed 

needles is repeatedly pushed through the fibrous bat. As the needles penetrate and withdraw, their 

barbs catch fibers from the upper layers and entangle them with fibers in the lower layers. This ac�on 

provides Z-direc�on fiber reinforcement, physically locking the layers together and densifying the 

structure. The key effect of this process is the blurring of discrete layer interfaces, crea�ng a 

con�nuous, monolithic composite where the fiber composi�on and, consequently, the density, 

change gradually through the thickness. The needle board was equipped with 15 × 18 × 36 × 3.5 R/SP 

triangular barbed needles. To ensure consistent mechanical bonding, the machine was operated at a 

constant punching density of 200 punches/cm². The needle penetra�on depth was precisely 

controlled between 8 mm and 14 mm to achieve the desired final thicknesses for the different 

samples. The target area densi�es (1,200, 1,600, and 1,800 g/m²) were achieved by precisely 

controlling the ini�al mass of the unbonded bat fed into the machine. For each area density, the final 

target thicknesses (15, 20, and 25 mm) were achieved by carefully adjus�ng the needle penetra�on 

depth; a lower penetra�on depth resulted in a thicker, less compacted sample, while a greater depth 

produced a thinner, more densified sample. 

A comprehensive set of nine gradient composite samples was produced, covering three levels of area density 

(1,200, 1,600, and 1,800 g/m²) and three levels of thickness (15, 20, and 25 mm). For robust compara�ve 

analysis, a parallel set of nine uniform-density control samples was also fabricated to the exact same area 

densi�es and thicknesses. These control samples were made from a homogeneous 50/50 blend of 3D and 

15D fibers. 

Characterization and Performance Testing 

A suite of standardized tests was employed to characterize the physical and acous�c proper�es of the 

fabricated samples. 

• Physical Proper�es: The thickness of each sample was measured under a specified pressure (0.5 kPa) 

using a digital thickness gauge, following ASTM D5729. For each of the nine gradient and nine uniform 

sample condi�ons, three replicate samples (n = 3) were fabricated. For physical property 

characteriza�on, at least ten measurements were taken across each replicate sample and averaged. 

The area density (g/m²) was determined by weighing precisely cut specimens (200 mm × 200 mm) 

on a calibrated analy�cal balance. The bulk density (ρ), a crucial parameter in acous�c modeling, was 
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then calculated as the ra�o of the area density to the thickness. 

• Airflow Resistance: The opposi�on a material presents to the passage of air is a dominant factor 

influencing sound absorp�on. This is characterized by two key parameters: airflow resis�vity and 

airflow resistance. Airflow resis�vity, σ (in Pa·s/m²), is an intrinsic property of a porous material. For 

a sample of a given thickness, t, the airflow resistance, R (in Pa·s/m), is calculated as R = σ·t. In this 

study, the airflow resistance (R) of each composite sample was measured directly using a custom-

built apparatus compliant with ASTM C522-03. The airflow resistance is calculated as R = ΔP/v, where 

ΔP is the pressure difference (Pa) and v is the air velocity (m/s). 

• Acous�c Performance Measurement: The normal incidence sound absorp�on coefficient, α, 

represen�ng the frac�on of incident sound energy absorbed by the material, was measured over a 

wide frequency range. For each condi�on, three dis�nct samples were tested. Each sample was 

removed and reposi�oned in the impedance tube five �mes to ensure measurement consistency, and 

the resul�ng absorp�on curves were averaged. The measurements were conducted using a Brüel & 

Kjær Type 4206 two-microphone impedance tube, strictly following ASTM E1050-12. To cover the 

frequency range of 100 Hz to 6,300 Hz, two tube configura�ons with corresponding sample diameters 

were used: a 100 mm diameter tube for the low-to-mid frequency range (100–1,600 Hz) and a 29 mm 

diameter tube for the mid-to-high frequency range (800–6,300 Hz). Prior to tes�ng, all samples were 

condi�oned for 24 hours in the tes�ng environment to ensure thermal and hygroscopic equilibrium. 

The measurements were conducted under standard laboratory condi�ons (22 ± 2 °C and 50 ± 5% 

rela�ve humidity). This method is based on measuring the standing wave patern in the tube, from 

which the complex reflec�on coefficient of the sample at the end of the tube is calculated. The sound 

absorp�on coefficient is then derived as α = 1 − |r|², where r is the complex reflec�on coefficient. 

The samples were cut with high precision to ensure a snug fit in the holder, preven�ng edge leaks. All 

samples were tested with a rigid, impervious backing, simula�ng a typical wall-mounted installa�on. 

• Single-Number Ra�ng: To provide a simple metric for overall performance, the Noise Reduc�on 

Coefficient (NRC) was calculated for each sample. The NRC is the arithme�c average of the sound 

absorp�on coefficients measured at the one-third octave band center frequencies of 250 Hz, 500 Hz, 

1,000 Hz, and 2,000 Hz, rounded to the nearest 0.05. 

For clarity, fiber linear density is reported in denier throughout (conversion for reference: 1 dtex ≈ 0.9 denier). 
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Acoustic Modeling and Inverse Characterization 

To inves�gate the theore�cal consistency between the experimental performance and the intended gradient 

design, a numerical fi�ng procedure based on the Johnson-Champoux-Allard (JCA) model was employed. The 

gradient sample (G-1600-20) was modeled as a stack of ten thin virtual layers using the Transfer Matrix 

Method. Since airflow resis�vity is the dominant parameter controlling absorp�on in this context, other JCA 

parameters (porosity φ, tortuosity α∞, characteris�c lengths λ, λ') were es�mated using empirical rela�ons 

for fibrous media (e.g., Garai-Pompoli models) based on the local fiber diameter and bulk density, or held 

constant to reduce the risk of overfi�ng. 

 An op�miza�on algorithm was then used to determine the airflow resis�vity profile through the material’s 

thickness that would yield a theore�cal sound absorp�on curve best matching the experimentally measured 

data. This approach enables the theore�cal deduc�on of the material’s internal property gradient based on 

its macroscopic acous�c performance. 

RESULTS 

The experimental results provide a quan�ta�ve evalua�on of the acous�c and physical proper�es of the 

gradient density nonwoven composites. The data are presented to systema�cally illustrate the influence of 

key structural parameters and to highlight the advantages of the gradient design. 

Physical Properties and Airflow Resistance 

The measured physical proper�es, including thickness, bulk density, and airflow resistance, are summarized 

in Table 1 for the core set of 1,600 g/m² samples. The data show a direct correla�on between structural 

parameters and measured airflow resistance (Rs). For the gradient samples, as thickness increases from 15 

mm to 25 mm at a constant area density, the bulk density decreases. Consequently, the airflow resistance 

also decreases from 14,850 to 8,900 Pa·s/m, because the fibrous network becomes less compact. The uniform 

sample, at 20 mm thickness, exhibits a significantly higher airflow resistance (18,200 Pa·s/m) than its gradient 

counterpart (12,100 Pa·s/m). A key, and perhaps counterintui�ve, finding is that the gradient composite (G-

1600-20) exhibits a significantly lower airflow resistance (12,100 Pa·s/m) than its uniform counterpart (U-

1600-20, 18,200 Pa·s/m), despite iden�cal overall composi�on, mass, and thickness. A two-sample t-test 

confirmed that the differences in airflow resistance and NRC between the gradient and uniform samples are 
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sta�s�cally significant (p < 0.05). This difference does not stem from one layer domina�ng the measurement, 

but rather from the dis�nct final microstructures created by the two manufacturing approaches. In the 

uniform sample, the fine, high-resistance 3D fibers are homogeneously distributed throughout the en�re 

volume, crea�ng a consistently tortuous and restric�ve pore network from the front surface to the back, 

leading to a high overall resistance value. Conversely, in the gradient sample, the effect of the fine 3D fibers 

is concentrated in the back layer. While this back layer is very dense, the overall structure, with its highly open 

and non-restric�ve frontal sec�on, results in a lower total airflow resistance when measured as a bulk 

property. The homogeneous distribu�on of fine fibers in the uniform sample is simply a more effec�ve 

arrangement for impeding airflow across the composite’s full thickness. 

 

Table 1. Physical Properties of Samples with Area Density of 1,600 g/m² 

Sample ID Structure Thickness (mm) 
Bulk Density 

(kg/m³) 

Airflow Resistance (σ, 

Pa·s/m²) 
NRC 

G-1600-15 Gradient 15.1 ± 0.2 106.0 14,850 ± 450 0.70 

G-1600-20 Gradient 20.2 ± 0.3 79.2 12,100 ± 380 0.75 

G-1600-25 Gradient 25.3 ± 0.3 63.2 8,900 ± 310 0.90 

U-1600-20 Uniform 20.1 ± 0.2 79.6 18,200 ± 510 0.65 

Note: “G” denotes Gradient, “U” denotes Uniform. Data include mean ± standard devia�on where appropriate. 

 

Effect of Area Density on Sound Absorption 

The effect of area density on the sound absorp�on coefficient of the gradient composites was inves�gated 

while keeping the thickness constant at 20 mm. The absorp�on curves for samples with area densi�es of 

1,200, 1,600, and 1,800 g/m² are ploted in Figure 1. A clear trend is observable: as the area density increases 

from 1,200 to 1,600 g/m², the sound absorp�on performance improves across nearly the en�re frequency 

spectrum, especially in the crucial 400 Hz to 2,000 Hz range. The absorp�on peak becomes broader and its 

maximum value increases. This improvement is atributed to the increased amount of fibrous material per 
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unit volume, which enhances the viscous damping effect. 

However, a further increase in area density to 1,800 g/m² yields mixed results. While the absorp�on at lower 

frequencies (250 Hz to 500 Hz) shows a clear improvement due to the increased mass, the performance in 

the high-frequency range (above 2,000 Hz) shows a no�ceable decline. This indicates that the 1,800 g/m² 

sample has become too dense, and its surface impedance too high, causing more sound to be reflected rather 

than absorbed at shorter wavelengths. The 1,600 g/m² sample represents the op�mal balance for this 

thickness, achieving excellent broadband absorp�on without becoming acous�cally reflec�ve at high 

frequencies. 

 

 

Figure 1. Effect of Area Density on Sound Absorption Coefficient (Thickness = 20 mm) 

 

Effect of Thickness on Sound Absorption 

Thickness is arguably the most cri�cal parameter influencing low-frequency sound absorp�on. Figure 2 

illustrates this effect for gradient samples with a fixed area density of 1,600 g/m² and thicknesses of 15, 20, 

and 25 mm. The results are unequivocal: increasing the thickness leads to a substan�al improvement in sound 

absorp�on at low and mid frequencies. The first major absorp�on peak, which corresponds to the quarter-

wavelength resonance where the material thickness is approximately λ/4, systema�cally shi�s to lower 

frequencies as thickness increases. For example, at 500 Hz, the absorp�on coefficient rises from 0.52 for the 
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15 mm sample to 0.65 for the 20 mm sample, and further to 0.78 for the 25 mm sample. This demonstrates 

a direct and powerful rela�onship between material thickness and its ability to control low-frequency sound, 

a key challenge in the acous�cs of music spaces. At frequencies above 1,500 Hz, all three samples perform 

excep�onally well, with absorp�on coefficients approaching unity. 

 

 

Figure 2. Effect of Thickness on Sound Absorption Coefficient (Area Density = 1,600 g/m²) 

 

Comparative Analysis: Gradient vs. Uniform Structure 

The ul�mate valida�on of the gradient design concept comes from a direct comparison with a conven�onal 

uniform structure. Figure 3 presents the absorp�on curves for the op�mized gradient sample (G-1600-20) 

and its uniform counterpart (U-1600-20), which have iden�cal area density, thickness, and overall fiber 

composi�on. The superiority of the gradient structure is immediately apparent. Across the cri�cal frequency 

range from 400 Hz to 3,000 Hz, the gradient sample consistently exhibits a higher sound absorp�on coefficient. 

The difference is most pronounced in the 500–1,000 Hz octave bands, which are fundamental to the richness 

and clarity of music. At 800 Hz, the gradient sample achieves an absorp�on coefficient of 0.82, while the 

uniform sample reaches only 0.70. This significant improvement confirms that the strategic arrangement of 

fibers in the gradient structure leads to a more efficient sound absorp�on mechanism. The calculated NRC 

values further quan�fy this advantage: the gradient sample achieves an effec�ve 0.75, whereas the uniform 
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sample scores a more moderate 0.65 (as shown in Table 1). 

 

 

Figure 3. Comparison of Gradient and Uniform Density Structures (1,600 g/m², 20 mm) 

 

Theoretical Analysis of the Gradient Structure via Inverse Modeling 

The existence of an effec�ve acous�c gradient was further confirmed through inverse modeling. As shown in 

Figure 4a, the JCA model, op�mized with a gradient profile for airflow resis�vity, achieves an excellent fit with 

the experimental absorp�on data for the G-1600-20 sample. The specific airflow resis�vity profile required 

to achieve this fit is ploted in Figure 4b. The model predicts a low resis�vity (approx. 4,500 Pa·s/m²) at the 

sound-incident surface, which increases in a quasi-exponen�al manner to a high value (approx. 25,000 

Pa·s/m²) at the back layer. While it is acknowledged that inverse solu�ons can be non-unique without invasive 

slicing measurements, this effec�ve resis�vity profile is consistent with the physical layering of the 

manufactured composite, demonstra�ng that the gradient design concept is theore�cally sound. 



MO F                                                            TEXTILE & LEATHER REVIEW | 2025 | 8 | 1107-1123 
 

https://doi.org/10.31881/TLR.2025.1107                                                                     1118 

 

Figure 4. Theoretical Validation of the Gradient Structure. (a) Comparison between the experimentally measured sound absorption 

coefficient for the G-1600-20 sample and the theoretical prediction from the optimized Johnson–Champoux–Allard (JCA) model, 

demonstrating an excellent fit. (b) The corresponding airflow resistivity profile predicted by the inverse JCA model, showing a quasi-

exponential increase from the sound-incident side (normalized thickness = 0) to the back layer (normalized thickness = 1) 

 

DISCUSSION 

The comprehensive experimental results presented in this study provide strong evidence suppor�ng the 

acous�c efficacy of a gradient density design for nonwoven sound absorbers. A deeper analysis of these 

results, interpreted through the lens of acous�c theory and material science, reveals the underlying 

mechanisms responsible for the observed performance enhancements and offers valuable insights for 

prac�cal applica�on. 

The core of the gradient concept’s success lies in its ability to engineer a more favorable acous�c impedance 

profile. According to the classical Delany-Bazley-Miki model for porous materials, the characteris�c 

impedance (Zc) and propaga�on constant (k) are complex func�ons of the material’s airflow resis�vity. A large 

impedance mismatch between the air and the material surface causes a significant por�on of the incident 

sound wave to be reflected. The uniform sample (U-1600-20) has a rela�vely high airflow resistance of 18,200 

Pa·s/m². This high resistance, while beneficial for internal energy dissipa�on, also contributes to a higher 

surface impedance, leading to reflec�on, par�cularly as frequency increases. In contrast, the gradient sample 

(G-1600-20), despite having the same mass, presents a much lower overall airflow resis�vity of 12,100 

Pa·s/m². This is because its front layer, composed of coarse 15D fibers, is highly porous and has very low 

resis�vity. This layer acts as an effec�ve impedance-matching interface, coaxing the sound wave into the 
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material with minimal reflec�on. This is analogous to an an�-reflec�on coa�ng in op�cs. 

Once the sound wave has penetrated the material, the gradient structure ensures its efficient atenua�on. As 

the wave propagates deeper, it encounters a medium of progressively increasing density and airflow 

resistance due to the increasing concentra�on of fine 3D fibers. This gradual increase in resistance ensures 

that the sound energy is con�nuously and efficiently converted into heat via viscous and thermal losses 

throughout the material’s thickness, rather than being dissipated abruptly in a thin surface layer. This 

distributed damping mechanism is what leads to the broader and higher absorp�on curve observed in Figure 

3. The uniform material, lacking this structural sophis�ca�on, represents a compromise: its single density 

value is too high for op�mal impedance matching at the surface and may not be op�mally distributed for 

dissipa�on throughout its depth. 

The superiority of the gradient structure at lower frequencies can be understood more deeply by analyzing 

its interac�on with long-wavelength sound waves in the context of the quarter-wavelength principle. For low-

frequency sound, the point of maximum air par�cle velocity—and thus the point of maximum poten�al for 

fric�onal losses—occurs at a significant distance from the rigid backing (𝜆𝜆/4). A material’s effec�veness at 

these frequencies is therefore determined by its ability to both allow sound to penetrate deep into its 

structure and then provide high resistance to airflow at that op�mal depth. Herein lies the specific advantage 

of the engineered fiber arrangement: 

• The frontal layer, composed of coarse 15D fibers, creates a lo�y, highly porous structure with low 

airflow resistance. Its primary role for low-frequency waves is not absorp�on, but to act as an 

acous�cally transparent entry gate, allowing the long-wavelength energy to penetrate deep into the 

composite with minimal surface reflec�on. 

• The back layer, composed of fine 3D fibers, creates a dense, tortuous network with a high surface 

area and, consequently, high airflow resistance. This layer is the engine of low-frequency dissipa�on. 

It is strategically posi�oned deeper within the composite, where the par�cle velocity of the 

penetra�ng low-frequency wave is highest, thereby maximizing the conversion of acous�c energy 

into heat through viscous fric�on. 

A uniform material, by contrast, presents a fundamental compromise. If it is dense enough to be effec�ve at 

dissipa�ng energy deep within its structure, its surface impedance is o�en too high, causing ini�al reflec�on 

of low-frequency waves. If it is open enough to allow sound to penetrate, it lacks the high-density fibrous 
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network deep inside to effec�vely damp the wave. The gradient structure resolves this compromise by 

crea�ng a specialized, dual-func�on material: it combines a low-resistance entry zone with a high-dissipa�on 

core, effec�vely extending its absorp�ve efficiency into the challenging low-frequency spectrum. 

The systema�c inves�ga�on of area density and thickness further refines our understanding. The existence 

of an op�mal area density (1,600 g/m² for a 20 mm thickness) confirms the well-established principle that 

for any given thickness, there is an op�mal range of airflow resistance. The performance drop of the 1,800 

g/m² sample at high frequencies is a classic example of a material becoming too acous�cally hard. The 

powerful effect of thickness on low-frequency performance (Figure 2) is a direct manifesta�on of the quarter-

wavelength principle. A sound absorber is most effec�ve when its thickness is a significant frac�on of the 

sound’s wavelength. By increasing the thickness from 15 mm to 25 mm, we directly extend the material’s 

effec�ve absorp�on range to lower frequencies, which is a cri�cal considera�on for broadband acous�c 

control. 

From a prac�cal standpoint, the op�mized G-1600-20 sample represents a highly compelling solu�on for 

music spaces. With an NRC of 0.75, it demonstrates highly effec�ve sound absorp�on for a thin-profile 

material. Its performance is par�cularly strong in the 500–4,000 Hz range. This broad bandwidth suggests the 

material could be effec�ve in reducing excessive sound energy in cri�cal frequency bands without relying on 

thick, heavy structures. The fact that this superior performance is achieved simply by the intelligent 

arrangement of fibers, without resor�ng to exo�c materials or complex mul�-component assembly, makes it 

a cost-effec�ve and scalable manufacturing proposi�on. The study is, however, subject to certain limita�ons. 

The comparison was made against a uniform control sample to isolate the effect of the gradient structure, 

but a comprehensive benchmark against industry-standard materials such as mineral wool or fiberglass was 

not performed. Such a compara�ve analysis is a cri�cal next step to fully establish the material’s prac�cal and 

commercial relevance. Furthermore, the current work is limited to normal incidence sound absorp�on. In 

real-world architectural scenarios, sound arrives from all angles. Future research should therefore include 

diffuse-field sound absorp�on measurements in a reverbera�on chamber to provide a more complete picture 

of the material’s performance. Nonetheless, the normal incidence data provide a robust and fundamental 

characteriza�on of the material’s intrinsic absorp�ve capabili�es and clearly validate the scien�fic merit of 

the gradient density design philosophy. 
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CONCLUSION 

In this research, a novel gradient density nonwoven composite material was successfully designed, fabricated, 

and op�mized for high-performance sound absorp�on through microstructural engineering. Through a 

systema�c approach involving the layering of polyester fibers with different deniers followed by needle-

punching consolida�on, a monolithic structure was created with a con�nuous gradient in its physical 

proper�es. This design moves beyond simple homogeneous or discrete mul�-layer structures, offering a more 

sophis�cated method for controlling the interac�on of sound with fibrous media. 

The comprehensive experimental inves�ga�on yielded several key conclusions. First, the gradient density 

structure unequivocally outperforms a conven�onal uniform structure of iden�cal mass, thickness, and 

composi�on, demonstra�ng significantly higher normal incidence sound absorp�on coefficients in the cri�cal 

mid-to-high frequency range and achieving a higher overall NRC of 0.75 compared to 0.65. This superior 

performance is directly atributed to the engineered impedance gradient, which enhances sound 

transmission into the material while maximizing internal energy dissipa�on. Second, the study established 

clear rela�onships between the material’s structural parameters and its acous�c performance. An op�mal 

area density of 1,600 g/m² (for a 20 mm thickness) was iden�fied, and the profound impact of thickness on 

low-frequency absorp�on was quan�ta�vely confirmed. These findings provide essen�al design guidelines 

for tailoring the material to specific acous�c targets. 

Ul�mately, this work validates a powerful design principle for advanced acous�c tex�les. The developed 

gradient nonwoven composite demonstrates a scien�fically robust design strategy. Its superior normal 

incidence performance indicates that the material is a promising candidate for controlling reverbera�on in 

music halls, recording studios, and other cri�cal listening environments, pending further diffuse-field 

valida�on. It contributes to the field of technical tex�les by demonstra�ng how microstructural engineering 

can be leveraged to achieve significant gains in func�onal performance. Future research should extend this 

concept by performing a comprehensive benchmarking study against commercially available acous�c 

materials, exploring different fiber materials (e.g., natural fibers for enhanced sustainability), inves�ga�ng the 

integra�on of resonant structures such as micro-perforated membranes to further target low-frequency 

absorp�on, and conduc�ng diffuse-field acous�c characteriza�on to fully validate its performance in real-

world architectural applica�ons. 
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