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Abstract 

Noise pollution and structural vibration represent critical challenges in modern engineering systems, 

affecting human health, operational efficiency, and equipment durability. This review examines the 
application of sustainable polymer nanocomposite materials for simultaneous noise and vibration 

reduction across diverse engineering domains. The fundamental relationship between structural 
vibration and noise generation is established, followed by a comprehensive analysis of sound 

absorption and damping mechanisms in nanoparticle-reinforced polymer systems. Multi-walled carbon 
nanotubes (MWCNTs), graphene nanoplatelets, nanosilica, and other nano-additives demonstrate 

significant enhancement in viscoelastic damping, sound transmission loss, and vibration attenuation 
when incorporated into polymer matrices. Applications in automotive suspensions, aircraft panels, 

industrial equipment enclosures, and turbo machinery are critically reviewed. The sustainability 
advantages of polymer nanocomposites including substantial weight reduction (0.5–1.3% mass penalty 

versus 20%+ for conventional coatings), enhanced energy efficiency, and recyclability position these 
materials as environmentally responsible alternatives to traditional metallic and foam-based acoustic 

solutions. Research gaps including low-frequency performance limitations, manufacturing scalability, 
and long-term durability are identified. This review provides a comprehensive foundation for 

researchers and engineers developing next-generation acoustic materials for noise and vibration 

control applications. 
 

Keywords: Polymer nanocomposites, carbon nanotubes, sustainability, viscoelastic materials, and 
acoustic materials 

 
INTRODUCTION 

Background and Motivation 

Noise pollution has emerged as a pervasive environmental and occupational health challenge in the 
21st century, driven by rapid industrialization, urbanization, and the proliferation of high-speed 
machinery, transportation systems, and aerospace applications. The World Health Organization 

recognizes environmental noise as a significant 
public health concern, with chronic exposure linked 
to cardiovascular disease, sleep disturbance, 
cognitive impairment, and reduced quality of life. 

 
Beyond human health implications, excessive 

mechanical noise and vibration degrade structural 
integrity through accelerated fatigue accumulation, 
reduce operational efficiency in rotating 
machinery, and compromise precision in sensitive 
equipment [4]. In transportation systems, vibration-
induced noise contributes substantially to passenger 
discomfort and regulatory non-compliance, while 
in industrial settings, occupational noise exposure 
necessitates costly mitigation measures and 
personal protective equipment. 
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Conventional noise control strategies rely predominantly on metallic panels, polymeric foams, and 
fibrous insulation materials. While metals provide structural stiffness and load-bearing capacity, they 
exhibit inherently poor damping characteristics, resulting in sustained vibration amplitudes and 
prolonged noise radiation [3]. Traditional acoustic foams, although offering reasonable sound 
absorption coefficients, suffer from limited mechanical durability, significant weight penalties, fire 
hazard concerns, and environmental persistence issues related to non-biodegradable compositions. 
 

The engineering community increasingly recognizes the need for lightweight, efficient, and 
sustainable acoustic materials capable of simultaneously addressing vibration damping and noise 
reduction without compromising structural performance [16]. Polymer-based materials, when 
strategically reinforced with nanoscale fillers, have attracted substantial research attention due to their 
enhanced viscoelastic damping properties, improved sound transmission loss characteristics, and 
reduced mass compared to conventional solutions [1–4]. 

 
Scope and Objectives 

This review paper comprehensively examines the application of sustainable polymer nanocomposite 
materials for integrated noise and vibration control across diverse engineering sectors. The primary 
objectives are: 

1. Establish the fundamental physical relationship between structural vibration and noise generation 
mechanisms. 

2. Analyze sound absorption and damping mechanisms in nanoparticle-reinforced polymer systems 
from a materials science perspective. 

3. Evaluate the acoustic performance of various polymer-nanoparticle combinations through critical 
synthesis of experimental literature. 

4. Examine engineering applications in automotive, aerospace, industrial equipment, and marine 
systems. 

5. Assess sustainability benefits including weight reduction, energy efficiency improvements, and 
lifecycle environmental impacts. 

6. Identify research gaps and future directions for advancing nanocomposite acoustic materials. 
 

Review Methodology 
This review synthesizes findings from 17 peer-reviewed research papers spanning experimental 

studies, computational analyses, and comprehensive reviews published between 2009 and 2025. The 
selected literature encompasses fundamental vibration theory, polymer nanocomposite characterization, 
acoustic testing methodologies, and practical engineering implementations across multiple application 
domains. 
 
RELATIONSHIP BETWEEN VIBRATION AND NOISE 
Fundamental Coupling Mechanisms 

The generation of noise in mechanical systems is intrinsically coupled to structural vibration through 
two primary mechanisms: airborne noise radiation and structure-borne noise transmission. 
Understanding this fundamental relationship is essential for developing effective integrated solutions 
that address both phenomena simultaneously. 

 
As illustrated in Figure 1, vibrating structures act as secondary acoustic sources by transferring 

mechanical energy into the surrounding fluid medium, typically air. The radiated sound power from a 
vibrating surface depends on the vibration velocity, surface area, and acoustic radiation efficiency. The 
radiation efficiency increases dramatically at frequencies where the acoustic wavelength becomes 
comparable to or smaller than the characteristic structural dimensions, making high-frequency vibration 
particularly problematic for noise generation. 
 

Structure-borne noise propagates through solid media as elastic waves, subsequently radiating as 
airborne sound from connected surfaces distant from the original excitation source. This transmission 
path is particularly significant in complex mechanical assemblies where vibration energy can propagate 
through multiple structural connections, creating distributed noise sources throughout the system. 



 

Journal of Polymer & Composites 

Volume 14, Special Issue 3 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved S787  
 

 
Figure 1. Vibration to noise conversion mechanism showing how structural vibrations lead to panel 

vibration and airborne sound radiation. 

 

Influence of Structural Dynamic Properties 

Sound transmission loss (STL) through structural panels is fundamentally governed by their dynamic 

characteristics, including natural frequencies, modal damping ratios, and structural stiffness [1]. The 

coincidence effect where the acoustic wavelength in air matches the bending wavelength in the structure 

creates a frequency-dependent transmission minimum that must be carefully managed in acoustic 

design. 

 

Increased structural damping reduces vibration amplitudes across the frequency spectrum, thereby 

directly lowering radiated noise levels [4]. This effect is particularly pronounced near structural 

resonances, where undamped systems exhibit large vibration amplifications that produce 

correspondingly elevated noise radiation. 

 

Research demonstrates that nanoparticle reinforcement fundamentally alters the vibrational response 

of polymer composite systems through multiple mechanisms: decreased natural frequencies due to 

modified effective stiffness, increased modal damping through enhanced internal friction, and reduced 

vibration transmission through interfacial energy dissipation [8]. These modifications translate directly 

to improved acoustic performance, particularly in mid- and high-frequency ranges where conventional 

materials show limited effectiveness. 

 

 
Figure 2. Nanoparticle damping mechanism showing vibration energy dissipation through molecular 

friction and heat generation at the nano scale interface. 
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SOUND ABSORPTION AND DAMPING MECHANISMS 

Viscoelastic Energy Dissipation 

The primary mechanism for sound absorption and vibration damping in polymer nanocomposites is 

viscoelastic energy dissipation, wherein mechanical energy is irreversibly converted to thermal energy 

through molecular-scale relaxation processes [2]. The viscoelastic behavior of polymers is characterized 

by the complex modulus: 

E* = E′ + iE″         (1) 

Where E′ represents the storage modulus (elastic energy storage component) and E″ represents the 

loss modulus (dissipative component). The loss tangent, defined as: 

tan δ = E″ / E′         (2) 

quantifies the material’s damping capacity, with higher values indicating more efficient energy 

dissipation [4]. In polymer matrices, energy dissipation occurs through several molecular mechanisms: 

main-chain segmental motion, side-chain relaxation, and conformational rearrangements that occur 

over characteristic time scales related to the glass transition temperature and molecular weight 

distribution. When subjected to cyclic mechanical loading, polymer chains undergo viscous flow that 

lags behind the applied stress, creating hysteresis loops that represent dissipated energy. 

 

Nanoparticle Enhancement Mechanisms 

The incorporation of nanoparticles into polymer matrices significantly enhances energy dissipation 

through multiple synergistic mechanisms, as illustrated in Figure 2 [5]: 

• Interfacial Friction: The extensive interfacial area between nanoparticles and the polymer matrix 

(resulting from high nanoparticle aspect ratios and large surface-area-to-volume ratios) creates 

regions of enhanced frictional sliding during deformation. Multi-walled carbon nanotubes 

(MWCNTs), with aspect ratios exceeding 1000:1, provide particularly effective interfacial 

regions for energy dissipation [1]. 

• Constrained Polymer Layer: Polymer chains in the immediate vicinity of nanoparticle surfaces 

exhibit reduced mobility due to physical and chemical interactions, creating an interphase region 

with modified viscoelastic properties. This constrained layer can extend 10–50 nm from the 

nanoparticle surface, representing a substantial volume fraction in well-dispersed 

nanocomposites [11]. 

• Nano scale Stick-Slip Phenomena: Imperfect interfacial bonding enables periodic debonding and 

re-bonding at the nanoscale during cyclic loading, providing an additional dissipation mechanism 

absent in perfectly bonded systems [2]. 

• Disrupted Polymer Crystallinity: Nanoparticles act as nucleation sites and physical barriers that 

modify polymer crystallization kinetics and morphology, altering the distribution of amorphous 

(dissipative) and crystalline (elastic) regions. 

 

Together these effects make nanoparticles most effective tool for maximizing vibration damping in 

sustainable polymer composites. Their extremely large specific surface area (200–1000 m²/g) with 

graphene and exfoliated nanoclays leads to an interphase volume typically one or two orders of 

magnitude in excess of the nominal filler volume that is sufficient to form a continuous network of 

dissipative regions. The arrested mobility of segments in this interphase gives rise to a broad glass 

transition relaxation and expanded temperature frequency bandwidth of the high loss factor [17–20]. 

Repeated nanoscale slippage and partial inter fibre debonding transforms load cycles into heat 

generation, irrespective of harmonics that does not happen is to raise tend simply without any decrease 

in storage modulus. A simultaneous rise of stiffness and damping in well dispersed nanocomposites 

make this exceedingly rare combination from conventional viscoelastic flow modifiers, Because of this 

offering opportunities to simultaneously robustly reduce vibration amplitude and power radiated sound 

[2, 5, 19]. Reported damping ratio improvements of 40–130% at loadings below 3 wt% [11–14] confirm 

this synergy. 
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Frequency-Dependent Behavior 

The acoustic performance of polymer nanocomposites exhibits strong frequency dependence 

governed by the material’s relaxation spectrum and the relationship between excitation frequency and 

characteristic molecular relaxation times. 

 

Experimental studies demonstrate that sound transmission loss improvements are most pronounced 

in frequency ranges where the material’s loss tangent is maximized typically in the transition region 

between glassy and rubbery states [1]. For epoxy-MWCNT nanocomposites, STL enhancements of 5–

8 dB have been documented at frequencies between 1500–3500 Hz for filler loadings of 2–3 wt%. 

 

Lower nanoparticle concentrations (below 0.75 wt%) show limited influence at low frequencies but 

can provide targeted damping at specific frequency bands. Higher loadings produce broader frequency 

effectiveness but may introduce processing challenges related to viscosity increases and dispersion 

difficulties [5]. 

 

POLYMER NANOCOMPOSITE SYSTEMS FOR ACOUSTIC APPLICATIONS 

Carbon Nanotube Reinforced Systems 

Carbon nanotubes (CNTs), particularly multi-walled variants, represent the most extensively studied 

nanofillers for acoustic polymer composites due to their exceptional mechanical properties, high aspect 

ratio, and electrical conductivity [6]. 

 

Balakrishnan et al. [1] investigated epoxy-based polymer systems reinforced with MWCNTs and 

demonstrated superior acoustic performance compared to neat polymers and conventional metallic 

panels. Increasing MWCNT content from 0.75 wt% to 3 wt% enhanced STL by approximately 5–8 dB 

at higher frequencies, while maintaining acceptable processing viscosity and mechanical integrity. 

 

Research on fiber metal laminates (FMLs) coated with CNT-reinforced polymer nanocomposites 

revealed improved low-frequency STL performance (63–500 Hz) compared to monolithic aluminum 

panels of equivalent mass [1]. This demonstrates that CNT nanocomposites can outperform traditional 

metallic solutions by combining structural stiffness with enhanced damping capacity, as shown in 

Figure 3. 

 

In turbomachinery applications, CNT-based nanocomposites exhibited high damping capacity across 

wide frequency absorption bands, enabling effective vibration attenuation at the source and reducing 

radiated noise while simultaneously improving equipment operational lifespan [6]. 

 

 
Figure 3. Damping loss factor comparison between nanocomposite and aluminum across frequency 

range, demonstrating superior damping performance of nanocomposites. 

Frequency (Hz) 

D
am

p
in

g
 l

o
ss

 f
ac

to
r 

Material damping comparison 

Nanocomposite 

Aluminum 

0.00 

0.04 

0.08 

0.06 

0.10 

0 1000 2000 3000 4000 5000 



 

 

Noise and Vibration Reduction Using Sustainable Polymer                                                                    Gujar et al. 

 

 

© STM Journals 2026. All Rights Reserved S790  
 

Mokadem et al. [8] studied glass fiber reinforced polymer (GFRP) cylindrical shells used in aerospace 

and rotating machinery. The inclusion of 2 wt% CNTs significantly modified dynamic response by 
increasing damping characteristics and altering natural frequencies. The damping improvement was 

attributed to nanoscale slip mechanisms and increased viscoelastic losses at the CNT-matrix interface. 
Parametric analysis demonstrated that CNT addition reduced vibration amplitudes and delayed the onset 

of parametric instability—critical for suppressing vibration-induced noise radiation in shell structures. 
 

Graphene-Based Nanocomposites 

Graphene nanoplatelets and graphene oxide offer an alternative to CNTs with distinct advantages 

including two-dimensional morphology, potentially lower cost at scale, and extensive surface area for 
matrix interaction [11]. 

 

Kim et al. [11] conducted molecular-scale investigations of graphene-reinforced epoxy 
nanocomposites and revealed vibration damping ratio improvements of up to 128.9%, significantly 

outperforming CNT-reinforced systems under comparable loading conditions. The enhanced damping 
was attributed to graphene’s planar geometry creating more extensive interfacial regions and promoting 

interfacial stick-slip mechanisms during oscillatory loading. 
 

The acoustic and mechanical enhancements provided by graphene derive from its 2D sheet 
morphology, and extraordinary in plane Young's modulus (1TPa). Acoustically, being useful platelet 

dimensions provide a tortuous route to the propagating elastic waves within the matrix, the increased 
probability for multiple internal scattering events, at the sheet edges and wrinkles increases the FSL of 

radiation over a broader frequency spectrum [11–20]. Mechanically, graphene sheets produce extremely 
high load transfer efficiency through and van der Waals interactions and over covalent bonds if 

functionalized, increased storage modulus occurs while intense interfacial friction increases loss 
modulus. This simultaneous stiffening and damping increases alleviates resonance amplitude and After 

that radiated noise with broadband STL increases of 4-7 dB across 500-5000 Hz and 25-35% tensile 
modulus increase at 1 wt% concentration [20–21]. 

 
The two-dimensional structure of graphene creates heterogeneous deformation patterns within the 

polymer matrix, with localized stress concentrations at platelet edges driving enhanced energy 

dissipation through matrix yielding and interfacial friction. This molecular-level interphase engineering 
represents a promising direction for maximizing vibration damping and minimizing vibration-induced 

noise in advanced composite structures. 
 

Nanosilica Systems 

Nanosilica (silicon dioxide) particles provide a more economical nanofiller option with demonstrated 

effectiveness for vibration damping and acoustic absorption applications [14]. 
 

Hosseinianpour et al. [14] conducted experimental studies on nanosilica-filled poly(styrene-acrylate) 
interpenetrating polymer networks (IPNs) and showed that adding 1 wt% nanosilica increased the 

damping factor (tan δ) to approximately 2.0, indicating strong vibration energy dissipation. However, 
higher nanosilica concentrations (3 wt%) led to particle agglomeration and reduced damping 

performance, emphasizing the critical importance of dispersion quality. 
 

Acoustic testing of nanosilica-filled polymer coatings yielded noise reduction coefficient (NRC) 
values of 0.49, significantly exceeding neat polymer film performance. The improved acoustic 

absorption directly correlated with enhanced damping characteristics, particularly in mid-frequency 

ranges relevant to industrial machinery noise (500–4000 Hz). 
 

Orfali [13] demonstrated that polyurethane foams reinforced with silicon oxide nanoparticles and 
CNTs showed that very low nanoparticle concentrations (0.2 wt% nanosilica combined with 0.35 wt% 

CNT) could improve sound absorption by up to 80 dB compared to pure polyurethane foam. This 
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dramatic enhancement resulted from increased internal friction, enhanced tortuosity of acoustic wave 

propagation paths, and improved interfacial energy dissipation at nano-filler sites. 

 

Hybrid and Multi-Component Systems 

Hybrid nanocomposite approaches combining multiple nanoparticle types or integrating functional 

particles offer synergistic performance enhancements beyond single-filler systems. 

 

Carponcin et al. [7] developed novel hybrid polymer nanocomposites combining carbon nanotubes 

(conductive fillers) and piezoelectric lead zirconate titanate (PZT) particles for passive vibration 

damping through a transduction-dissipation mechanism. The material converted mechanical vibration 

energy into electrical energy, which was subsequently dissipated internally without requiring external 

power input. Dynamic mechanical analysis revealed significant increases in both storage and loss 

moduli after electrical poling, with substantial damping enhancement in the first bending mode of 

vibration. 

 

Al-Abboodi et al. [10] investigated natural rubber reinforced with combinations of ZnO, MWCNTs, 

and NaHCO nanoparticles to address excessive vibration issues in oil sector pumping systems. Dynamic 

analysis of aluminum plates mounted on nanoparticle-reinforced rubber foundations demonstrated that 

nanoparticle inclusion significantly altered natural frequency and damping characteristics. Finite 

element predictions showed maximum deviations of only 3.37% from experimental fundamental 

frequencies, confirming reliable vibration reduction behavior and validating the computational design 

approach for nanocomposite isolation systems. 

 

Comparative Assessment of Thermoplastic and Thermosetting Matrices 

The choice of thermoplastic or thermosetting matrix is fundamentally critical to vibroacoustic 

behaviour of an overall nanocomposite. Thermosets (epoxy polyester vinyl ester, phenolic) are 

discretely cross-linked on curing. They maintain (dimensional, mechanical and thermal) integrity 

inherent in traditional plastics, at expense of a high stiffness, damping and water absorption. Their loss 

factor is at a low-to-moderate value (tan d ~ 0.02-0.08 in Tg side of transition), but steeply increasing 

in PSZ. Rendering such materials ideal for rigidised an aerospace and an automotive panel applications 

over a narrow targeted temperature range [1–4]. Still the unavoidable cure reaction prevents thermosets 

from being re-healed or freely remolded as recycles, restricting circular economy functionality [22]. 

 

Thermoplastics (polyamide polypropylene poly lactic acid polyurethane PVC) are composed of 

physically entangled chains, which are susceptible to melting and re-shaping. They tend to have higher 

intrinsic damping (tan ~0.05-0.30) due to long range segmental mobility and are successful for 

broadband noise absorption in interior trims and various consumer products. Bio derived thermoplastics 

(PLA and natural fibre reinforced grades) are perfectly suited in meeting sustainability goals as they 

can be processed via melt extrusion and injection, re-used, and in many cases bio-degradable [17, 19, 

21]. It has been recently demonstrated that natural fibre reinforced thermoplastics can give acceptable 

mechanical properties, low density and moderate damping [18–26], making such materials a promising 

candidate for sustainable acoustic absorbers. On applying nanoparticles, thermosets sustain their 

stiffness at Tg and enlarged damping window while thermoplastics gain damping while remaining 

ductile. Hybrid interpenetrating networks of toughened-epoxy/thermoplastic systems dispersed with 

graphene or nano silica aim to harness the benefits of both classes (Table 1). 

 

ENGINEERING APPLICATIONS 

Automotive Applications 

Vehicle suspension systems and interior components represent critical application domains where 

polymer nanocomposites can simultaneously address vibration isolation, noise reduction, and weight 

minimization objectives [3]. 
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Table 1. Comparative assessment of thermoplastic and thermosetting polymers for vibration control 

[17–26]. 

Parameter Thermoplastics Thermosets 

Network structure Linear / branched, no cross-links 3D crosslinked network 

Loss factor (tan δ) Moderate to high (0.05–0.30) Low to moderate (0.02–0.08) 

Stiffness / modulus Lower; ductile Higher; brittle without toughening 

Temperature resistance Limited; softens on heating Excellent; retains shape until decomposition 

Processability Melt processing; easy re-shaping One-time curing; not re-meltable 

Recyclability Recyclable; supports circular economy Limited; mechanical grinding or pyrolysis 

Typical N&V applications Interior trims, enclosures, sealing panels, 

bio-composites 

Aerospace panels, marine hulls, 

turbomachinery casings 

Nanofiller benefit Enhanced damping with retained ductility Stiffness retention, raised Tg, broader 

damping window 

 
Khan et al. [3] provide a comprehensive review of composite materials in automobile applications, 

emphasizing lightweight structures, vibration reduction, and passenger comfort. Polymer composites 
were shown to reduce vibration-induced noise by replacing metallic components with materials 
exhibiting higher intrinsic damping. Natural fiber and polymer-based composites demonstrated superior 
noise attenuation due to viscoelastic energy dissipation and reduced structural resonance. The study 
highlighted that composite suspension components and interior panels significantly improved acoustic 
comfort by lowering vibration transmission paths. 

 
The reduced density of polymer composites (1200–1600 kg/m³) compared to steel (7850 kg/m³) 

directly decreases unsprung mass, improving suspension response time and reducing transmitted road 
disturbance intensity. This review reinforced the role of sustainable polymer composites in achieving 
noise reduction while simultaneously reducing vehicle weight and fuel consumption. 

 
Aerospace Applications 

Aviation noise originates from multiple sources including aerodynamic excitation, structural 
vibration, and propulsion system operation [16]. Polymer-based sound-absorbing and sound-insulating 
composites effectively dissipate vibration energy and reduce radiated noise in aircraft structures. 
 

Liu and Zhang [16] analyzed aviation noise generated from aerodynamic excitation, structural 
vibration, and engine operation. Polymer-based sound-absorbing and sound-insulating composites were 
shown to effectively dissipate vibration energy and reduce radiated noise. The study highlighted that 
lightweight polymer nanocomposites outperform traditional foams and fiber felts by offering broadband 
noise absorption, vibration damping, and structural integrity. 

 
Balakrishnan et al. [1] demonstrated that coated structural panels showed improved acoustic 

performance when applied to aircraft fuselage panels, particularly near high-noise regions such as 
engine mounting planes. Experimental validation using impedance tube measurements confirmed that 
MWCNT-based nanocomposite coatings significantly enhanced STL across low, mid, and high-
frequency bands (63Hz to 6300Hz). Optimal coating configurations achieved substantial noise 
reduction with weight increases as low as 0.5–1.3%, considerably lower than commercial sound-
damping coatings that typically increase structural weight by more than 20%. 

 
Industrial Equipment and Turbomachinery 

Polymer nanocomposites find extensive application in industrial equipment casings, machine 
enclosures, and vibration-prone structural components where simultaneous load-bearing and acoustic 
functions are required. 

 
Jia et al. [6] highlighted carbon-based nanomaterials such as CNTs, graphene, and carbon nanofibers 

for turbomachinery noise control. These materials exhibited high damping capacity, wide frequency 
absorption bands, and excellent vibration attenuation. The authors emphasized that vibration reduction 
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at the source significantly lowers radiated noise and improves equipment lifespan. Carbon 
nanocomposites were identified as sustainable, lightweight alternatives to conventional metallic noise 
control solutions. 

 
Al-Abboodi et al. [10] studied oil sector pumping systems, which experience excessive vibration 

leading to efficiency loss, premature wear, and safety concerns. The improved damping properties of 
nanoparticle-reinforced elastomeric foundations effectively reduced vibration transmission, thereby 
indirectly mitigating structure-borne noise in heavy mechanical equipment operating continuously. 

 
Ramzan et al. [2] reviewed vibration dampers formed by reinforcing viscoelastic polymers with 

nanoparticles. Nanoparticles were shown to enhance elastic modulus and damping capacity 
simultaneously, enabling effective vibration energy dissipation. The study emphasized that vibration 
energy is converted into heat and noise, and nanocomposites significantly reduce this conversion by 
absorbing kinetic energy at the nanoscale interface. 

 
Marine and Underwater Applications 

Underwater sound absorption presents unique challenges due to the acoustic impedance mismatch 
between typical solid materials and water. Polymer-based materials possess acoustic impedance values 
closer to water than metals, enabling more effective sound absorption in marine environments [12]. 

 
Fu et al. [12] focused on polymer-based materials for underwater sound absorption, where vibration-

induced noise has severe implications for marine life and naval applications. Unlike metals, polymers 
possess acoustic impedance values closer to water, enabling effective sound absorption. The review 
highlighted that polymer materials with high loss factors (tan δ) exhibit superior vibration damping, 
which directly enhances underwater noise attenuation. Nanofillers and inclusions such as air voids and 
phononic structures were shown to improve sound absorption across wide frequency ranges from 50 
Hz to 30 kHz. The authors emphasized that polymer nanocomposites combine vibration damping, 
acoustic impedance matching, and environmental resistance, making them sustainable alternatives to 
traditional underwater noise control materials. 
 
Monitoring and Sensing Applications 

Beyond passive noise and vibration reduction, polymer nanocomposites enable smart monitoring 
capabilities for structural health assessment and acoustic condition monitoring [9]. 

 
Aldraihem et al. [9] introduced a nanocomposite functional paint composed of epoxy resin and carbon 

black nanoparticles for vibration and noise monitoring applications. The authors demonstrated that 
mechanical vibration and acoustic excitation caused measurable impedance and resistance variations 
due to nanoparticle percolation and interfacial deformation. The paint exhibited sensitivity to cyclic 
loading, confirming the strong coupling between mechanical vibration and acoustic excitation. 
Although the work focused on monitoring rather than mitigation, it established that polymer 
nanocomposites respond predictably to vibration and noise, reinforcing their suitability for smart 
acoustic materials and structural health monitoring systems. 
 
SUSTAINABILITY AND ENVIRONMENTAL BENEFITS 
Weight Reduction and Energy Efficiency 

Lightweight noise control materials directly contribute to reduced fuel consumption and lower energy 
demand in transportation and industrial systems. The substantial density advantage of polymer 
composites compared to metallic alternatives translates to significant lifecycle energy savings [3]. 

 
As illustrated in Figure 4, the sustainable lifecycle of polymer nanocomposites begins with renewable 

resource utilization and continues through eco-friendly manufacturing processes. For automotive 
applications, every 100 kg of mass reduction yields fuel consumption reductions of 0.3–0.5 L/100 km 
in conventional vehicles. In electric vehicles, weight reduction directly extends driving range by 
reducing energy consumption per kilometer, addressing a primary consumer concern limiting EV 
adoption. 
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Figure 4. Sustainable lifecycle of polymer nanocomposite materials from renewable resources through 

eco-friendly manufacturing to product use and biodegradable disposal or recycling. 

 

Aerospace applications demonstrate even greater sensitivity to weight reduction due to the 

multiplicative effect of weight savings on fuel requirements for extended flight durations [16]. 

MWCNT-based nanocomposite coatings achieving substantial noise reduction with weight increases of 

only 0.5–1.3% versus 20%+ for conventional damping treatments represent transformative 

improvements in the mass-performance trade-off [1]. 

 

Material Efficiency and Recyclability 

Polymer matrices enable potential recyclability through thermal or chemical depolymerization 

processes, aligning with sustainable engineering principles and circular economy concepts. The very 

low nanoparticle concentrations required for significant property enhancement (typically 0.2–3 wt%) 

minimize material usage and reduce the environmental footprint of raw material extraction and 

processing [5]. 

 

Bio-based polymer matrices derived from renewable resources (e.g., bio-epoxies, polylactic acid, 

natural rubber) offer pathways to further enhance the sustainability profile of nanocomposite acoustic 

materials. Natural fiber reinforcements combined with nanoparticle modifications represent particularly 

promising sustainable composites for noise reduction applications [3]. 

 

Current research on cellulose and lingocellulosic fibre reinforced systems highlight that after fine 

tuning particle loading (using bio fillers), one can measure similar acoustic absorption coefficients to 

synthetic foams and a decrease in embodied carbon [17, 18, 22]. The progress with chemically treated 

natural fibres and graphene/nano oxide hybrid systems now suggest that daunting gulf between 

sustainable matrix and high performance acoustic composites is closing rapidly [19, 20, 21], 

exemplifying general theme of 'not anymore' that sustainability need not compromise acoustic 

performance. 

 

Lifecycle Environmental Impact 

Comprehensive lifecycle assessment (LCA) remains underexplored for nanocomposite acoustic 

materials, representing a critical research gap. However, preliminary considerations suggest favorable 

environmental profiles, including reduced operational energy consumption through weight savings, 

elimination of volatile organic compounds (VOCs) associated with some traditional damping 

treatments, potential for end-of-life recycling or energy recovery, and reduced material volumes 

compared to equivalent-performance conventional solutions. 
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The environmental impact of nanoparticle production, particularly for carbon nanotubes and 

graphene, requires careful assessment. Current energy-intensive synthesis methods represent a 

significant environmental burden that must be weighed against use-phase benefits. Development of 

lower-energy synthesis routes and increased production scale will be critical for realizing the full 

sustainability potential of nanocomposite acoustic materials [6]. 

 

Novel Energy Harvesting Applications 

Fan et al. [15] explored traffic noise not only as a pollutant but also as a recoverable energy source 

using Helmholtz resonator-based systems. These systems were shown to amplify sound pressure by 

26.39× while simultaneously reducing transmitted noise levels. The study demonstrated that resonator-

based acoustic structures can function as passive noise reduction devices while enabling sustainable 

energy harvesting from environmental noise sources. Although not polymer-focused, the paper 

reinforced the importance of frequency-dependent acoustic control mechanisms in noise mitigation 

systems and the potential for converting waste acoustic energy into useful electrical power. 

 

RESEARCH GAPS AND FUTURE DIRECTIONS 

Low-Frequency Performance Limitations 

Current polymer nanocomposite systems demonstrate the most significant acoustic improvements in 

mid- to high-frequency ranges (1000Hz and above), with limited effectiveness at very low frequencies 

below 100Hz [1–4]. This frequency-dependent performance results from the fundamental relationship 

between acoustic wavelength, structural dimensions, and damping mechanism activation. Future 

research should explore hybrid architectures combining nanocomposites with resonant metamaterial 

structures for low-frequency absorption, graded nanoparticle distributions optimized for broadband 

performance, and multi-scale reinforcement strategies incorporating both nanofillers and 

microstructural features. 

 

Manufacturing Scalability 

Laboratory-scale nanocomposite fabrication achieving uniform nanoparticle dispersion does not 

readily translate to industrial production volumes [5]. Challenges include nanoparticle agglomeration 

during mixing and processing, dramatic viscosity increases at practical filler loadings, batch-to-batch 

property variability, and cost-effective dispersion techniques for large-scale production. Advancing 

manufacturing technologies such as continuous mixing processes, in-situ nanoparticle synthesis, and 

surface-modified nanofillers with improved dispersibility will be essential for commercial 

implementation [14]. 

 

Long-Term Durability and Environmental Stability 

Limited research addresses the long-term performance of nanocomposite acoustic materials under 

realistic environmental conditions including temperature cycling, humidity exposure, UV radiation, and 

mechanical fatigue [4]. Critical durability considerations include viscoelastic property evolution during 

extended service life, nanoparticle-matrix interfacial degradation, moisture absorption effects on 

damping performance, and thermal aging in high-temperature applications. Accelerated aging protocols 

and multi-year field testing will be necessary to establish confidence in nanocomposite reliability for 

safety-critical applications such as aerospace and automotive systems. 

 

Multifunctional Integration 

Future nanocomposite acoustic materials should integrate additional functionalities beyond vibration 

damping and noise reduction, including structural health monitoring through embedded sensing 

capabilities [9], adaptive/tunable acoustic properties via smart material integration, thermal 

management for combined acoustic and thermal insulation, and electromagnetic interference (EMI) 

shielding for electronic equipment enclosures. Hybrid nanocomposites incorporating piezoelectric, 

magnetostrictive, or shape memory nanoparticles represent promising directions for adaptive acoustic 

materials with controllable properties [7]. 
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Bio-Based and Sustainable Matrices 

While nanoparticle reinforcement offers significant performance advantages, the polymer matrix 
constitutes the majority of composite mass and governs lifecycle environmental impact. Research on 

bio-based and recycled polymer matrices for nanocomposite acoustic applications remains limited [3]. 
Promising sustainable matrix materials include bio-derived epoxies from plant oils, polylactic acid 

(PLA) and other biodegradable thermoplastics, natural rubber and bio-elastomers, and recycled polymer 
feedstocks. Establishing property-processing-performance relationships for nano-reinforced sustainable 

polymers will enable truly green acoustic materials. 
 

Comprehensive Lifecycle Assessment 

Rigorous lifecycle assessment (LCA) studies comparing nanocomposite acoustic materials to 

conventional alternatives across all environmental impact categories are notably absent from current 

literature. Future research should quantify cradle-to-grave carbon footprint, energy consumption during 
manufacturing and use phases, water usage and pollution potential, end-of-life disposal or recycling 

scenarios, and toxicity and ecotoxicity of nanomaterials throughout the lifecycle. 
 

CONCLUSIONS 

This comprehensive review has examined the application of sustainable polymer nanocomposite 

materials for integrated noise and vibration control across diverse engineering applications. The 
fundamental physical coupling between structural vibration and noise generation establishes the 

rationale for materials-based solutions that simultaneously address both phenomena through enhanced 
damping and modified dynamic response. Polymer nanocomposites reinforced with carbon nanotubes, 

graphene, nanosilica, and hybrid nanoparticle systems demonstrate significant improvements in 
viscoelastic damping, sound transmission loss, and vibration attenuation compared to neat polymers 

and conventional metallic solutions. Energy dissipation mechanisms including interfacial friction, 
constrained polymer layer effects and nanoscale stick-slip phenomena contribute synergistically to 

enhanced acoustic performance. 
 

Applications in automotive systems, aerospace structures, industrial equipment, turbomachinery, and 
marine environments validate the practical effectiveness of nanocomposite acoustic materials. 

Sustainability advantages including substantial weight reduction (0.5–1.3% mass penalty versus 20%+ 

for conventional treatments), enhanced energy efficiency, and recyclability potential position polymer 
nanocomposites as environmentally responsible alternatives. Research gaps including low-frequency 

performance limitations, manufacturing scalability challenges, long-term durability uncertainties, and 
incomplete lifecycle assessments indicate critical directions for continued investigation. Future research 

should emphasize bio-based polymer matrices, hybrid multifunctional systems, and advanced 
manufacturing techniques to realize the full potential of nanocomposite acoustic materials for next-

generation engineering applications. 
 

The integration of material science, vibration theory, and acoustic engineering principles 
demonstrated throughout this review provides a foundation for rational design of advanced 

nanocomposite systems tailored to specific noise and vibration control requirements across diverse 
application domains. As environmental regulations become increasingly stringent and sustainability 

concerns intensify, polymer nanocomposites represent a promising pathway toward achieving 
simultaneous performance enhancement and environmental responsibility in acoustic engineering. 
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