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ABSTRACT 

Explosive population growth and increasing migration have led to a boom in 

mega-cities, posing technological challenges in urban development. To meet 

long-term sustainability targets and environmental regulations, developing innovative 

technologies for providing a comfortable, green and safe living environment is of 

prominent need. The intensive investigation of acoustic waves in both theoretical and 

experimental studies is largely due to their extensive applications in various 

engineering fields. In an attempt to minimize the impact of environmental noise and 

intervene the degradation of indoor air quality, we strive to explore multiple 

applications of acoustic waves in noise and air studies in this work.  

This thesis is mainly divided into two parts. The first part focuses on the 

investigation of acoustic wave characteristics and noise mitigation strategies. Due to 

hectic construction activities under a rapid urbanization process in densely populated 

cities (e.g., Hong Kong), construction noise generated from various powered 

mechanical equipment (e.g., drillers, hammers and excavators) is a major problem. A 

long-term exposure in noise can cause an adverse impact on psychological health, life 

quality and working efficiency. To alleviate this problem, a passive noise control 

(PNC) approach (e.g., noise barriers) and an active noise control (ANC) method (e.g., 

generation of anti-noise signals) are commonly conducted to mitigate the unwanted 

noise. For PNC, the performance of passive-type sound barriers greatly depends on 

several factors, including material types, design dimensions, surface conditions, and 

geometric configurations. Nevertheless, the use of PNC approach alone is not 

practical for the attenuation of low-frequency noise, while ANC method shows 

advantages in low-frequency range. Motivated by this idea, the combination of both 

PNC and ANC strategies are investigated.  



 

iv 

 

With the development of digital signal processing, it enables the feasibility of 

control algorithm for active control. In this work, a learning and forecasting approach 

is utilized as a pre-treatment process, which combines a Bayesian approach and a 

dynamic linear model (DLM). Comprising the statistical strategy and descriptive time 

series, the proposed pre-treatment system is conducive to raw-signal pre-processing 

and can concurrently generate a predicted signal as a reference signal. The predicted 

signals based on prior information and Bayesian inference afford an alternative to the 

normal costs of the secondary path, such as those associated with electro-acoustic 

signal conversions and computation efforts in the control algorithm. To demonstrate 

the feasibility of this pre-treatment system, illustrative examples coupling with the 

existing control algorithms, e.g., the conventional filtered-x least mean square 

(FxLMS) algorithm and a new convex structure via an FxLMS/F algorithm (C-

FxLMS/F), are studied. Making use of the present forecasting technique, stationary 

signals are acquired for analysis. The updating characteristic “forecast-observation-

analysis” loop is advantageous for the implementation of signal processing for an 

ANC system.  

To establish a noise mitigation device, using passive barriers is an effective way 

for construction sites. With consideration of environmental-friendly barriers, it is 

preferable to use low-cost, recyclable and lightweight materials. Recycling use of 

waste wood and rubber materials from construction sites is investigated as their good 

tensile modulus and mechanical strength. A laminated configuration, which consists 

of: (i) one-thick-layer recycled composite panel with a mixture of wood pellets and 

rubber particles, and (ii) a thin-film layer of polyvinylidene fluoride (PVDF) material, 

is examined. The wood-rubber composite panels are designed for wideband frequency 

control, while the PVDF thin-film layer as a supplementary part is to eliminate the 

peak narrowband low-frequency component. Compared to conventional loudspeakers 

with bulky coils and diaphragms, piezoelectric thin-film materials are flexible and 
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lightweight with strong piezoelectric and ferroelectric properties to couple with 

passive panels. A scale-down model is fabricated and tested in the in-house semi-

anechoic chamber to examine the effectiveness. The barrier shows good performance 

in noise attenuation (i.e., a reduction of sound pressure levels (SPLs) at average 10dB).  

To go beyond the potential application of acoustic waves, the second part focuses 

on acoustic manipulation technique and thermo-acoustic (TA) wave devices. Acoustic 

manipulation (e.g., acoustic trapping) is an active but contact-free technique, which 

utilizes acoustic waves to exert radiation forces on manipulating objects in air. To 

maintain indoor air quality, heating, ventilation and air-conditioning (HVAC) systems 

play a crucial role. Through the ventilation duct, viruses and bacteria can spread 

through the air on dust and microscopic particles within enclosed buildings. 

Epidemiological evidence reveals that a good ventilation control strategy can reduce 

the possibility of airborne viral transmission and infection. Generally, particle filters 

inside mechanical ventilation ductworks having a minimum efficiency rating value 

(MERV) (ANSI/ASHRAE, 1999) are frequently used, but they are limited of 

capturing airborne particles at a sub-micron scale (0.3–1.0 μm). Hence, a combination 

of acoustic-driven pre-filtering techniques and commercial coarse filters is an 

alternative to enhance filtration efficiency for sub-micron particles.  

A U-shaped acoustic-driven pre-filtering device is proposed to enhance the 

working efficiency of coarse filters for capturing sub-micron particles (0.31.0 µm). 

The U-shaped device can optimize spatial homogeneity to improve the removal 

coefficient of airborne particles under lower sound intensity requirements, which can 

circumvent the existing problem of using high-intensity sound pressure for acoustic 

manipulation. Experimental studies are conducted to examine the efficiency of the 

present pre-filtering device. The results show that an overall filtration efficiency of up 

to 89% for 1.0-µm airborne particles can be achieved when the acoustic-driven device 
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is coupled together with a low-grade MERV-6 coarse filter. As a standalone device, 

the acoustic effect works well for the sub-micron particles with a filtration efficiency 

of up to 61% under a sound pressure level of 116 dB, which is lower than those SPLs 

as reported in the literature. The design has a high level of flexibility to work with 

various MERV filters. In the analysis, the influence of relevant parameters (e.g., 

airflow rates, acoustic frequencies, and sound intensities) on various particle sizes is 

investigated.  

To further develop an acoustic-wave emitter with high sensitivity, the application 

of thermo-acoustic device is a new direction to go beyond the limitations of vibration-

based speakers. Advances in nanomaterials (e.g., carbon nanotube (CNT) and 

graphene) over the last decade have realized the “thermophone” concept that was 

discovered a century ago, it basically differs from the working mechanism of 

conventional acoustic devices to generate sound by mechanical vibration. The 

operating mechanism of this TA-based technique can be described by providing an 

alternating current to CNT- or graphene-based thin-film materials, causing the 

surrounding medium (air) to be heated periodically. An oscillation of the temperature 

field induced in air can result in thermal expansion and contraction to generate 

acoustic waves. This next-generation acoustic technique can be scalable to deliver a 

flat-band frequency range as well as a high-intensity sound pressure level. Test 

samples of the TA-based emitter are fabricated to characterize its acoustic 

performance.  

The research findings of this work can provide a further understanding of the 

nature of acoustic waves and its potential applications in various engineering fields. 

The acoustic-based technologies can contribute better resource efficiency to maintain 

a healthy, resilient and pleasant urban environment.  
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CHAPTER 1  

INTRODUCTION 

1.1 Research motivation 

According to a 2019 report by the United Nations, 55% of the world’s population 

resides in urban areas, a proportion estimated to increase to 68% by 2050 (DESAPD, 

2019). This explosive population growth in the urban population and the resulting 

dynamic shift in urban sprawl inevitably pose great challenges in pollution control in 

urban environment. Data related to nuisance complaints in Hong Kong show that 

most disputes and complaints from citizens are related to noise and air pollution (EPD, 

2019). According to “Hong Kong 2030+: Planning Vision and Strategy Transcending 

2030” (LCPD, 2016), the Hong Kong Government not only plans to pursue economic 

growth but also improves comfort and attractiveness of the urban living environment. 

Hence, to help realize a comfortable, green, and safe urban living environment, 

researchers are increasingly focusing on developing effective and innovative 

technique for mitigation pollutions. In this work, with the objective of simulating 

sustainable development, we attempt to explore alternative approaches to mitigating 

noise and improving indoor air quality by using acoustic-based technologies.  

Acoustic noise problems increase with urbanization. A report from the World 

Health Organization (WHO) assessing the burden of disease (WHO, 2011) 

highlighted  that noise pollution is a severe issue in Western Europe contributing to 

early deaths. Another report (UWE, 2015) valued the loss of healthy life due to noise 

exposure at more than one billion pounds. In Hong Kong, disputes and complaints 
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related to noise accounted for over 20% of all citizen grievances, making noise the 

second most common among the six major types of pollution complaints. The 

aforementioned regional reports indicate that noise pollution negatively affects human 

life in cities across the world. Therefore, sustainable urban planning and technological 

development are essential for improving and preserving the acoustic environment.  

The ongoing COVID-19 pandemic has directly caused the stagnation of the 

global economy. To spur economic recovery, cities are fast-tracking infrastructure 

projects as the construction industry has long been an effective driver of the economy.  

Therefore, continuous and long-term construction is likely to be an essential part of 

urban development. Construction noise mainly arises from the operation of powered 

mechanical equipment, such as piling rigs, drillers, rollers, mechanical saws, hammers, 

and pumps. The relevant environmental regulation (EPD, 2018) provides statutory 

controls to restrict and lessen the nuisance caused by construction activities. In 

addition, the issuance of noise permits for general construction and piling works 

includes strict assessments and acoustical stipulations (EPD, 1997,1998,2001).  

Prolonged exposure to noise, even at levels well below statutory limits, can 

threaten human health. Noise has been shown to have various psychological effects 

such as poor concentration, depression, annoying, stress, fatigue from lack of sleep, 

and even physiological effects, such as cardiovascular disease, tinnitus and hearing 

impairment (Hahad et al., 2019). The sound power level of some powered mechanical 

equipment can exceed 90 dB(A), with that of piling equipment exceeding 120 dB(A). 

Moreover, construction noise generated from powered mechanical equipment is 

dominated by low-frequency sound components (DEFRA, 2006). The challenges 

associated with the acoustic characteristic of construction noise are the loudness of 

construction machinery and the difficulty in implementing noise-control measures.  

A common solution to this severe noise problem is to block the acoustic 
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transmission paths between polluting sources and sensitive receivers, which is 

typically achieved by erecting noise barriers or acoustical enclosures around 

construction sites or powered mechanical equipment. Such passive noise control 

measures are also used to insulate sound pathways, for example, by using barriers 

along expressways. This approach is practicable, mature, and low in cost. The more 

rigid and the thicker the barrier we have, the better the insulation performance is. 

However, thick and rigid sound barriers (e.g., concrete walls) have poor aesthetics. 

Furthermore, sound barriers composed of environment-friendly materials with 

innovative designs that improve portability warrant investigation. Finally, passive 

noise control (PNC) measures are effective for insulating against high-frequency 

noise components but not low-frequency components, such as construction noise.  

The other approach to attenuate noise, especially low-frequency noise, is active 

noise control (ANC). In this approach, which is based on the principle of 

superposition, a new source (i.e., a secondary source) is introduced to suppress the 

acoustic pressure suspension of the undesired noise (i.e., the primary source). In ANC 

systems, noise signals are first sampled and processed using digital signal processing 

(DSP) hardware (i.e., DSP chips) and adaptive control algorithms (Widrow et al., 

1975). Then, using electroacoustic or electromechanical transducers, a new sound 

wave with the same amplitude as the processed noise but with the phase inverted is 

generated, thus achieving noise attenuation. The weighting coefficients can be 

continually adjusted using adaptive control algorithms to minimize residual noise, 

thus resulting in optimal noise reduction. 

The most common algorithms for residual noise signal processing are those 

based on the least mean square (LMS) theory. The standard LMS algorithm (Widrow 

and Stearns, 1985) was the first processable adaptive algorithm, but it incurs a 

significant cost through its introduction of a secondary path. To overcome this 

drawback, a filtered-x LMS (FxLMS) algorithm (Kuo, 1995; Kuo and Morgan, 1999) 
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was proposed for estimating the secondary path. Time-domain FxLMS algorithms 

offer easy implementation and high robustness but are limited by their convergence 

speed and sensitivity to environmental disturbances (Hosur and Tewfik, 1997). 

FxLMS algorithms in the frequency domain (Kuo et al., 2008) and a hybrid time and 

frequency domain (Padhi et al., 2018) have also been investigated. Furthermore, 

highly modified adaptive control algorithms with complex hierarchical structures 

have been proposed to process time-varying unstable sound signals (e.g., impulse 

noise).  

When an ANC system is deployed in real applications, many practical problems 

arise, such as those related to its fundamental performance, practical constraints, 

performance–complexity balance, and practical design architectures (Kurakata et al., 

2008; Helzner et al., 2011). Considering feasibility and practicality, the fundamental 

performance and real-time capabilities of the kernel adaptive control algorithm are the 

most important and therefore have been extensively studied. Many studies focusing 

on improving the performance of control algorithms have produced complicated 

algorithms, which entail a high computational burden and thus have less utility 

because of their cost and difficulty of implementation. Hence, increasing the real-time 

capacity of ANC systems is crucial for improving their practicability.   

To maintain the stability and feasibility of the real-time process, a preprocessing 

procedure utilizing a Bayesian inference-based dynamic linear model (DLM) was 

considered for filtering raw signals. Bayesian forecasting is extensively used for 

statistical analysis in numerous disciplines, such as econometrics, structural dynamics, 

and aerospace engineering (Yuen, 2010). In a broadband time-varying feed-forward 

control system, Bayesian inference can be used to provide a fuzzy reference signal. 

Noise signal processing entails many parametric uncertainties. A Bayesian-based 

statistical model has high potential for use in signal parameter identification. The 

basic elements of a Bayesian updating model are prior information, a likelihood 
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function, and posterior information. Bayesian models have been widely adopted to 

determine the decision rules used to classify data patterns and as a way to infer 

unknown parameters from known measurements. A DLM is a mathematical tool for 

time series analysis and can be used to describe a routine way of viewing a context 

that changes with time. Another advantage of the Bayesian approach is that the 

preprocessing system can be treated as a filter. As is well known, ANC systems 

struggle to achieve broadband frequency noise attenuation. Therefore, using a 

preprocessing system to make decisions during ANC operation prevents interference 

from cumbersome environmental disturbances. Furthermore, inference from noise 

model parameters can be identified using a “short-time” prediction. Using statistical 

strategy-based data prediction is a promising technique for improving the efficiency 

of signal processing by compensating for the time-delay effects introduced by 

multiple signal conversion in the secondary path of ANC algorithms (e.g., analog-to-

digital and digital-to-analog signal transitions).  

In this work, innovative and environmentally friendly concepts are adopted to 

establish alternative, effective and practical measures against construction noise. 

Specifically, passive and active control measures are integrated in a dual approach to 

develop a retractable and movable noise barrier capable of attenuating both low- and 

high-frequency noise. Deploying barriers or enclosures is a common solution in 

engineering sites requiring noise insulation because of the ease of implementation and 

low cost of these measures. In addition, composite panels made of recycled materials 

such as wood pellets and rubber particles are used for passive control. The use of 

wood-rubber composites is a sustainable and environmentally friendly approach that 

offers a high level of noise insulation against middle- and high-frequency noise. 

Moreover, soft and porous materials are highly effective in insulating against medium 

and high-frequency noise components because the pores create friction against the 

movement of air particles at high velocities. Therefore, owing to their porous internal 

structure, wood–rubber composites have excellent acoustic absorption characteristics.  
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Composite panels made of recycled materials provide fairly good high-frequency 

noise attenuation. However, machine operations primarily generate low-frequency 

noise. Therefore, in such situations, integrating active and passive control measures 

can lead to better sound insulation performance. The development of new and smart 

materials such as polyvinylidene fluoride (PVDF) and innovations in loudspeaker 

technology are facilitating the realization of compact devices with better acoustic 

response. PVDF is a light, flexible, and transparent material with characteristics ideal 

for sound attenuation. Unlike conventional loudspeakers with bulky coils and 

diaphragms, smart and thin-film speakers fabricated using PVDF materials facilitate 

active control owing to their strong piezoelectric, ferroelectric, and lightweight 

characteristics. Therefore, in this work, PVDF thin-film sound devices with high 

sensitivity and low distortion are investigated for the further optimization of acoustic 

wave devices. In particular, recycled wood–rubber composite panels are coupled with 

a PVDF thin-film speaker to realize a dual-function laminated barrier that offers two 

lines of defense against noise. 

In addition to noise attenuation, acoustic manipulation has great potential in the 

field of particulate removal, especially in the removal of fine and ultrafine particles. 

Acoustic manipulation is an active and contact-free technique for capturing particles 

(e.g., aerosols, dust, and hazardous particles), in which acoustic waves are used to 

exert an acoustic radiation force to levitate tiny objects. By creating a standing wave 

field, fine particles can be forced into and trapped within a specific zone and then 

filtered. Furthermore, the standing wave field forces these particles to oscillate 

periodically, causing them to collide and adhere to each other and thus form larger 

structures in a phenomenon called “acoustic agglomeration”. Temkin (1994) and 

Hoffmann (2000) defined acoustic agglomeration as an orthokinetic and aerodynamic 

process in which an acoustic wave induces particle coalescence (Ng, et al., 2017). 

Given the advantages of acoustic trapping in manipulating fine and ultrafine 

particulates, its adoption in indoor ventilation systems is of great research interest.  
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Heating, ventilation and air-conditioning (HVAC) systems play an important role 

in ensuring the sufficient flow of fresh air in buildings, thus reducing exposure to 

outdoor particles and maintaining good indoor air quality and thermal comfort. 

Although outdoor and indoor air pollutants interact via building envelopes and 

ventilation systems (Jaakkola et al., 1991), the degradation of indoor air quality may 

be worse than that of outdoor air because contained areas can catalyze the 

accumulation of potential pollutants. Low airborne particulate matter (PM) 

transmission in confined indoor spaces has been associated with a reduced risk of 

viral infection transmission, which is especially crucial during severe outbreaks such 

as that of COVID-19 (Qian et al., 2021). It is plausible that infectious viruses carried 

by PM can be disseminated throughout buildings via the recirculated air pumped by 

HVAC systems (Morawska et al., 2020).  

Low-grade filters (e.g., those with a minimum efficiency rating value (MERV) of 

6–9) are generally installed inside air ventilation ductworks. These filters typically 

comprise an activated carbon air-filter medium, a polyurethane foam air-filter, and 

polyester impingement materials. These low-grade filters are ineffective in capturing 

fine and ultrafine (sub-micrometer) particles. The use of high-efficiency particulate air 

(HEPA) filters, however, requires compliance with the mandatory ventilation and fire 

protection policies of the NFPA-96 (2021) and ANSI/ASHRAE-62 standards (2019). 

The resulting upgrades (e.g., upgrading extraction fans in high-rise buildings) are 

expensive and increase the overall energy consumption and maintenance costs of 

buildings. In addition, high-grade filters would severely restrict airflow, and therefore 

is considered not suitable for some ventilation systems due to airflow resistance.  

Acoustic manipulation technique is a complementary air-filtering approach that 

not only effectively removes fine particles from indoor air but also is sustainable in 

the long term. However, acoustic-based particle removal techniques may require a 

relatively high sound pressure level (SPL), which is a potential obstacle restricting 
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their application. Further study to improve the removal efficiency of airborne fine 

particles (especially sub-micron particles) at low SPLs is thus of great research 

interest. In this work, by applying the concept of acoustic trapping, a novel 

configuration (i.e., a U-shaped design) is developed for acoustic-manipulated devices 

for removing submicron particles at low SPLs. In addition, the efficiency of air 

purification in ventilation ducts is significantly improved by coupling the acoustic-

manipulated device with low-grade coarse filters (e.g., a MERV-6 grade filter) for pre-

filtration.  

Acoustic manipulation is applied as an efficient pre-treatment technique for 

promoting the formation of particle clusters, which in turn can be easily captured by 

the low-grade filters in mechanical ventilation systems. However, existing acoustic-

based devices for particulate filtering are dogged by the following difficulties. 

Electromagnetic acoustic transducers are not sufficiently sensitive to generate swift 

and precise responses, which can cause unsteady airflows inside ventilation ducts. 

Piezoelectric and electrostatic acoustic devices are typically large, limiting their 

applicability in commercial engineering solutions. Nevertheless, this problem can be 

addressed using nanomaterials such as carbon nanotubes (CNTs) and graphene. 

Unlike conventional acoustic devices, thermoacoustic (TA) devices adopt the concept 

of a thermophone (Prevenslik, 2010) and generate sound by mechanical vibration. 

Specifically, providing an alternating current to CNT- or graphene-based thin-film 

materials causes the surrounding medium (e.g., air) to be heated periodically. This 

periodicity in turn causes the temperature field induced in the air to oscillate, and the 

resulting thermal expansion and contraction can generate acoustic waves. Using these 

principles, in this work, a smart, small-scale, high-sound-intensity, and sensitivity 

acoustic wave emitter is developed.   
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1.2 Research objectives 

Stimulated by the challenges mentioned above, this work focuses on developing 

an acoustic-based technique for mitigating noise and improving air quality. There are 

two main objectives of this work, the first of which is related to investigating acoustic 

characteristics and noise mitigation strategies. Specifically, the tasks related to this 

objective are summarized as follows.  

 Optimize the ANC algorithm for practical engineering applications: A learning 

and forecasting approach based on the Bayesian statistical framework is 

investigated as a pre-treatment system. The combined application of this 

statistical strategy and a descriptive time series (DLM) enables the preprocessing 

of raw signals and the concurrent generation of a predicted signal as a reference 

signal. This framework, together with the conventional control algorithm FxLMS 

and a new convex structure, the C-FxLMS/F algorithm (Song and Zhao, 2019), 

provides a promising way to enhance the real-time capacity of ANC systems. The 

convergence performance and complexity of the algorithms are comparatively 

evaluated against different types of reference signals. 

 Investigate the use of smart materials (e.g., PVDF) in the active control of low-

frequency noise: The investigation of the secondary source is another major task. 

Theoretically, a perfect controller is a combination of an optimized digital 

processing algorithm and a perfect secondary source array with high sensitivity. 

Such a controller can overcome the current challenges in the active control of 

noise. A smart, flexible, and transparent PVDF thin-film acoustic device is 

fabricated and its acoustic performance in terms of steady-state response and 

harmonic distortion is investigated under three configurations.  

 Implement a hybrid barrier with active and passive noise control measures 
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specifically against construction noise: The use of recycled composite materials 

(wood pellets and rubber particles) in the attenuation of medium- and high-

frequency noise is experimentally examined. An acoustic device is fabricated 

using recycled composite panels and PVDF thin films, and its effectiveness is 

examined via a scaled-down indoor experiment. An optimized configuration of 

this device with a retractable and portable design is also presented.  

The second objective is to develop an acoustic-based technique for the 

contact-free filtration of sub-micron particulates. Developing an innovative, small-

scale, yet high-intensity acoustic wave device is crucial, as is addressing the 

requirements for high-efficiency acoustic-particle interaction mechanisms. The tasks 

to achieve this objective can be summarized as follows. 

 Improve the removal efficiency of airborne fine particles (especially for 

sub-micron particles) at lower SPLs: A simple U-shaped device (i.e., a device 

with double resonant acoustic chambers) that realizes acoustic trapping and 

works at lower SPLs is developed to achieve the filtering of sub-micron 

particulates. The parallel airflow within the resonant acoustic chambers enhances 

the acoustic-particle interaction, immobilizing particulates within a specific 

region. Using this device for pre-filtration, together with low-grade coarse filters, 

substantially improves the efficiency of air purification within ventilation ducts.  

 Deliver a flat-band frequency range and a high-intensity SPL output: Novel 

nano-based materials with low heat capacity per unit area (e.g., CNTs and 

graphene) are studied from the perspective of TA. Prototypes of CNT- and 

graphene-based TA devices are fabricated, and their acoustic performance tested.  
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1.3 Thesis outline 

This thesis is composed of seven chapters.  

Chapter 1 summarizes the relevant environmental pollution issues in compact 

cities and briefly introduces acoustic-based techniques by referring to environmental 

assessment reports, statistical data, and relevant technical reports.  

Chapter 2 reviews the research on noise control techniques, acoustic wave 

devices, acoustic manipulation techniques in particle clusters, and the application of 

nanomaterials in acoustic devices.  

Chapter 3 introduces the combined use of the Bayesian approach and DLM as a 

pre-filter to improve the performance of the adaptive ANC algorithm. Numerical 

simulations and convergence analysis are presented. Case studies with different 

primary sources, (i) Gaussian noise, (ii) sinusoidal and Gaussian noise, and (iii) 

(measured) in-situ noise, are presented to illustrate performance of the ANC system.  

Chapter 4 proposes a dual-function barrier with active and passive noise control 

measures for mitigating noise. The acoustic performance of recycled composite panels 

(passive control) and piezoelectric thin-film acoustic devices (active control) are 

investigated. The barrier is assembled and tested via a scale-down experiment in a 

semi-anechoic chamber. The effectiveness of the barrier is characterized.  

Chapter 5 investigates a U-shaped acoustic-manipulated device for improvement 

the removal efficiency of sub-micron particulates in a ventilation system. Numerical 

simulations are presented to discuss the sound filed and flow field, and a prototype is 

fabricated to examine the filtration efficiency of this device.  
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Chapter 6 explores the use of new materials, i.e., CNTs and graphene, in the 

development of a small-scale and high-intensity TA device. 

Chapter 7 summarizes the main achievements of the present work, discusses its 

advantages and limitations, and recommends future research directions. 
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CHAPTER 2 

LITERATURE REVIEW 

To provide background for our investigation of acoustic waves and their 

potential applications in noise control and air filtration, this chapter presents a 

relevant review of the following topics:  

 noise control strategies, including passive noise control (PNC) and active noise 

control (ANC), and their implementations; 

 the mechanism of the acoustic-based particle manipulation technique and its 

potential application for air purification; and 

 thermoacoustic (TA) effects and the fabrication of a novel TA sound emitter. 

2.1 Overview of passive noise control technique 

This section provides a literature review of passive noise control strategies. Most 

methods of noise control related to structure-borne sound can be broadly classified 

into two groups: passive control and active control. In the passive approach, noise is 

reduced by separating the sources of noise from noise-sensitive uses, resulting in 

noise reduction along the transmission path. In this obvious approach, noise barriers 

or enclosures are often used to interrupt the acoustic wave propagation path.  

2.1.1 Sound insulation measure 

PNC methods dissipate propagating sound waves in the absence of an external 

supply of control energy. Some examples include mufflers, barriers, and sound-



Chapter 2 Literature Review 
 

14 

 

absorbent materials. The use of distributed sound-absorbent layers is among the most 

common, inexpensive, and reliable methods of reducing noise related to building 

structures and vehicles. The realization of PNC within the absorbent layer relies 

mainly on the material properties and configuration (Bies, 2018). Specifically, a foam 

structure is an important strategy to achieve better sound insulation (Tiuc et al., 2016). 

In noise control applications that use passive foam layers, the air molecules in the 

interstices of the porous material oscillate with the resonant frequency of the inserted 

sound wave, which results in frictional losses. The irregular pores within the porous 

structure cause variations in the flow direction as well as the expansion and 

contraction of the fluid, resulting in a further loss of momentum in the direction of 

wave propagation. In the high-frequency range, massive sound energy is lost due to 

these coincidental phenomena (Gentry-Grace, 1998).  

To determine the acoustic anti-noise performance, the absorption coefficient and 

transmission loss are measured with a two- or four-microphone transfer function 

method (Chung and Blaser, 1980b; Nobile, 1984; B&K, 2007). An impedance tube is 

commonly used for acoustic characteristic testing. The absorption coefficient in 

standard ISO 10534-2 (1998) can be expressed as follows: 

 

(2.1) 

where   is the absorption coefficient, Zs is the acoustic impedance of the sample 

material, and Za is the impedance of air. The transmission loss can be expressed as TL 

(B&K, 2007): 
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better sound insulation performance.  

2.1.2 Materials and performance of PNC barriers 

The performance of passive noise insulation depends on the use of the most 

economic material package with the best anti-noise performance. Many studies have 

investigated sound absorption in various materials. Nechita and Năstac (2018) 

investigated low-density and low-environmental-impact products composed of 

cellulose composite materials for sound insulation. The porous structure of these 

composites led to a higher absorption coefficient compared with existing extruded 

polystyrene absorbers. Pedreño-Rojas et al. (2017) developed new false ceiling plates 

made of gypsum and wood waste material with improved sound absorption and 

thermal conductivity, leading to their use in new building structures. However, most 

synthetic materials are made from petrochemicals, and the extensive use of synthetic 

materials leads to the depletion of resources and energy. Moreover, these non-

biodegradable materials produce pollutants, such as refractory organics, and 

greenhouse gases (Putra et al., 2013). With growing awareness of environmentally 

friendly development, research into sustainable and recycled materials as alternatives 

have attracted considerable research interest (Asdrubali et al., 2012). 

The huge amount of waste products generated by various industrial processes has 

created an environmental problem, according to a report from Hong Kong’s 

Environmental Protection Department (2021). Vast quantities of industrial and living 

waste are inert in nature. Typically, waste products are disposed of in landfills or are 

incinerated, which increases greenhouse gas emission, land pollution, and ecological 

destruction (Rabl et al., 2008). Reusing waste materials can be an effective measure to 

mitigate the waste problem. Therefore, the recycling and reuse of waste products as 

anti-noise materials have been brought into focus, not only to deal with waste 

recycling but also to contribute to noise mitigation.  
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Natural materials are generally defined as materials composed of natural and 

renewable constituent materials, with a low level of environmental pollution emitted 

during their production (Pervaiz and Sain, 2003) or with low embodied energy 

(Zabalza Bribián et al., 2011). Many studies have reported noise insulation with 

various natural and recycled materials. Berardi and Iannace (2015) investigated fiber 

materials, including kenaf, wool, hemp, coconut, cork, cane, cardboard, and sheep 

wool, as the basic components of a sound absorption panel and identified their 

acoustic insulation properties. Yang et al. (2003) investigated the acoustic insulation 

performance of composite boards fabricated using rice straw–wood particles and 

measured relevant factors, such as the weight proportion of the particles. Putra et al. 

(2013) developed sound absorbers made of natural fibers from sugarcane waste. The 

absorbers presented good acoustic performance at 1.2 to 4.5 kHz, with an average 

absorption coefficient of 0.65. Schiavi et al. (2006) utilized the flexible property of 

rubber to enhance sound absorption. They found that rubber used as a resilient 

underlayer in a floating floor is effective in protecting against sound and vibration 

propagation in structures. They further analyzed the thickness under load and the 

compression behavior of the rubber underlayer. Gil-Lopez et al. (2017) mixed 

shredded palm tree pruning waste with dampened topsoil to act as a noise barrier 

against roadside noise. This ecofriendly waste material prototype not only provided 

significant sound absorption benefits but also delivered a large-shaded area.  

Studies have examined waste and reused materials as a feasible alternative for 

synthetic materials in sound absorption treatment. Secchi et al. (2016) investigated the 

use of cardboard waste in the fabrication of acoustic insulation panels; through 

impedance tube testing and life cycle assessment, they found that their panels have 

better acoustic properties than commercial products. Ersoy and Küçük (2009) 

measured the acoustic absorption coefficient of industrial waste fibers arising from 

the processing of tea leaves and indicated that these waste fibers achieved great sound 

absorption in the low-frequency range. Zhao et al. (2010) investigated the sound 
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insulation properties of a composite panel manufactured with waste wood particles, 

rubber crumbs, and commercial adhesive in various proportions. Overall, natural and 

waste materials have good sound insulation properties and exert no detrimental effects 

on health and thus possess advantages over synthetic materials. Furthermore, the 

fabrication of sound absorbers with waste material presents an alternative approach to 

waste product disposal.  

Noise barriers are commonly used in practical engineering applications as a PNC 

measure. The performance of passive-type noise barriers depends strongly on several 

factors, such as material type, design dimension, surface condition, and geometric 

configuration (Morgan and Kay, 2001; Ishizuka and Fujiwara, 2004; Samsudin et al., 

2016). Maekawa (1968) summarized the effectiveness of noise insulation screens. For 

assessing sound insulation performance, an experimental test was established for the 

diffraction analysis of a free sound field with a semi-infinite plan screen. Fig. 2.1 

illustrates the alternation of sound wave with presence of noise barrier.  

 

Fig. 2.1: (a) Alteration of noise paths by a noise barrier; and (b) Noise barrier 

diffraction (Maekawa, 1968; EPD, 2003).  

The shielding effect of a semi-infinite screen can be identified by applying 

Kirchhoff’s diffraction theory (Max, 2019), as follows: 
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where At denotes the diffraction of a half-infinite open space, and C(v) and S(v) are 

Fresnel’s integral for the variable v as follows:  
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where He denotes the effective height of the semi-infinite screen,  denotes the sound 

wave length and a and b are the distances from the screen to the source and the 

receiver, respectively. To reconcile the actual and perceived effectiveness of the noise 

barrier, Mital and Ramakrishnan (1997) conducted a comprehensive survey to gather 

residents’ responses and recommended that a reduction of more than 11 dB(A) in the 

sound pressure level (SPL) would provide acoustic comfort. Furthermore, Sánchez-

Dehesa et al. (2011) designed a noise barrier made of perforated metal shells and 

waste rubber crumbs. Arenas et al. (2013) further evaluated the applicability of waste 

ash mixed with Portland cement for noise barriers in highway roads.  

Passive strategies to obstruct the propagation of noise by deploying a noise 

barrier and enclosure have been demonstrated in the aforementioned studies. However, 

passive strategies are limited in their isolation of low-frequency noise, especially 

noise below 1 kHz. Conventional passive noise barriers, even those made of 

aluminum, concrete, acrylic sheets, or recycled materials, cannot effectively block 

noise of a wide range frequency range (Nilsson and Berglund, 2006), because the long 

acoustic wavelength of the low-frequency components facilitates their long-distance 

travel with less energy loss. The high-frequency components of noise are strongly 

susceptible to distance attenuation. Thus, the reduction of low-frequency noise 

components is worthy of greater attention. Studies of the health impact of noise 

effects have indicated that low-frequency noise has a tremendous effect on human 

health (Berglund et al., 1999; Mirowska and Mroz, 2000; Leventhall, 2004; 
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Pawlaczyk-Luszczyńiska et al., 2005; Nilsson and Berglund, 2006; Baliatsas et al., 

2016) and that older adults are especially sensitive to low-frequency noise (Kurakata 

et al., 2008; Helzner et al., 2011). Therefore, the ANC strategy was proposed as an 

alternative approach to address low-frequency noise problems.  

2.2 Overview of active noise control strategies 

In the active method, protection is provided at the receiver end by applying the 

concept of sound wave superposition to achieve noise attenuation. The ANC strategy 

was first proposed in a patent (Lueg, 1936) presenting a design in which a 

microphone and an electronic loudspeaker are used to generate a secondary source for 

noise attenuation. The development of digital electro technology has enabled the 

development of active anti-noise devices that can be governed digitally and 

automatically (Ise et al., 1991). With this technology, noise signals can be transformed 

in real time via the integration of an electroacoustic transducer system and a digital 

signal processing system. In the 1990s, the development of smart chips aided the 

implementation of adaptive algorithms (Eriksson, 1993), accelerating the widespread 

application of adaptive ANC systems (Kuo, 1996). Fig. 2.2 illustrates the principle of 

active noise control strategy.  

 

Fig. 2.2: Principle of active noise control. 

The early ANC systems (Nelson, 1993; Kuo, 1996; Hansen, 2013) were 
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electroacoustic systems used to generate anti-noise sounds with the same amplitude as 

the noise but with the opposite phase, thereby resulting in the cancellation of both 

noises. Thereafter, adaptive systems were developed to cope with variations in noise 

by considering the time-varying frequency, amplitude, and phase characteristics of the 

environmental disturbance. Later ANC systems integrated an adaptive processing 

system with an electroacoustic transducer system.  

2.2.1 Adaptive control algorithm 

Adaptive filters play an important role within the processing system. According 

to the adaptive characteristics, the coefficients of filters enable their adjustment to 

optimize a cost function or to satisfy some predetermined optimization criteria (Kuo 

and Morgan, 1999). An adaptive filter not only allows automatic adaptation in the 

face of changing environments but also enables training for optimal decision-making 

performance under specific requirements. These characteristics enable an adaptive 

filter to achieve prompt parameter estimation and signal processing in time-varying 

and nonstationary conditions. Fig. 2.3(a) is a schematic of a basic feedforward ANC 

system, and Fig. 2.3(b) illustrates the framework of an adaptive filter within the ANC 

system.  

A single-channel ANC system normally consists of a reference microphone, a 

cancelling speaker, and an error microphone (Kuo, 1996; Kuo and Morgan, 1999; 

Hansen, 2013), as shown in Fig. 2.3. The reference microphone is used to pick up the 

information from the noise source (reference signal: x(n)), and the error microphone is 

used to monitor the performance of the ANC system by sampling the residual noise 

signal (error signal: e(n)) and sending feedback. The kernel of an ANC system is the 

adaptive filter for reference signal processing and secondary signal (y(n)) 

manipulation. Specifically, the adaptive filter W(z) is used to estimate the unknown 

primary path P(z) of the acoustic response from the reference microphone to the error 
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microphone. The ideal primary disturbance d(n) is the acoustic response after the 

reference signal passes through an unknown plant P(z). Theoretically, the adaptive 

filter W(z) enables minimization of the error signal e(n) via multiple iterations until 

zero is reached. This approach assumes that X(z)≠0 and E(z)=0, where X(z) and E(z) 

are the z-transform expression of reference signal x(n) and error signal e(n), 

respectively. Sufficient iterations of adaptive filter W(z) allows us to obtain the 

optimal results of W(z)=P(z), resulting in d(n)=y(n). Accordingly, perfect cancellation 

of both the primary and secondary sound waves can be achieved based on the 

principle of superposition.  

 

Fig. 2.3: Schematic diagram of ANC system in a duct system (Kuo and Morgan, 

1999): (a) Single-channel broadband feedforward ANC system; and (b) Adaptive filter 

identification framework. 

Nevertheless, secondary path effects, which are acoustic responses from a 

secondary source to the error microphone, are inevitable. Fig. 2.4 illustrates the 

framework of an adaptive filter considering the secondary-path effects, which can be 

demonstrated via the secondary-path transfer function S(z). This function considers 

the cost of a digital-to-analog converter, a reconstruction filter, an amplifier, an 
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electroacoustic transducer, an acoustic path from the speaker to the error microphone, 

and an analog-to-digital converter. Therefore, the numerical expression of the 

adaptive loop is:  

         E z P z S z W z X z     (2.5) 

where E(z) and X(z) are the z-transform expression of error signal e(n) and x(n), 

respectively, and P(z) and S(z) are the primary and secondary paths, respectively. 

Assuming E(z)=0 and X(z)≠0, the ideal expression of W(z) after adaptive filter 

convergence can be expressed as follows:  
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P z
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(2.6) 

 

Fig. 2.4: Schematic of an ANC system considering secondary-path effects (Kuo, 

1996). 

To achieve more adaptive control algorithms, Widow et al. (1975) proposed a 

standard least mean square (LMS) algorithm, in which the least-mean-square criterion 

is treated as a cost function. However, the time-delay effect induced by the secondary-

path transfer function must be compensated for (Elliot and Nelson, 1985). Widrow et 

al. (1981) further proposed the filtered-x LMS (FxLMS) algorithm, which includes an 

estimated filter 𝑆መ(𝑧) in the reference signal path to compensate for the secondary-path 
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effects in the LMS algorithm. Burgess (1981) investigated the feasibility of the 

FxLMS algorithm within an ANC system. Widrow and Stearns (1985) proposed an 

online secondary-path modeling approach that avoids the preliminary estimation of 

the secondary path via offline secondary-path modeling. The FxLMS algorithm 

presents acceptable results if the adaptation is slow (i.e., if the step size is fixed and 

limited to a small value), as shown in Fig. 2.5. 

 

Fig. 2.5: Schematic of the FxLMS algorithm (Widrow and Stearns, 1985). 

The FxLMS-based adaptive algorithm had to be modified for processing 

complex dynamic signals. To process dynamic disturbances within the adaptive 

process, Boucher et al. (1991) derived the optimum step size and convergence time 

for the FxLMS algorithm, and further explorations of the time-domain algorithm have 

also been reported (Kuo and Ji, 1996; De Diego et al., 2004). Such time-domain 

FxLMS algorithms enable the processing of stationary (Widrow et al., 1976; Bershad, 

1991) and nonstationary noise (Tahir Akhtar and Mitsuhashi, 2009). However, their 

limitations, such as the relatively high computational complexity and slow 

convergence (Kuo, 1996), restrict their practicability. To enhance the calculation 

velocity, Zhang et al. (2019) proposed a novel normalized frequency-domain block 

FxLMS (NFB-FxLMS) algorithm that can reduce the computational complexity, and 

Tang and Lee (2012) also proposed a time–frequency domain FxLMS algorithm. To 

investigate the effort weighting of time-domain techniques versus frequency-domain 
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techniques, Friot (2017) discussed and analyzed the effort-weighting parameters via 

error index comparison. Tu and Fuller (2000) reported an optimum multiple-channel 

ANC system in the frequency domain. Although the algorithms in the frequency 

domain (Rees and Elliott, 2006; Patel et al., 2017) have always been effective in 

suppressing stationary noise, they may be unstable against nonstationary disturbances 

or frequency modulation rate signals. In summary, Wang et al. (2020b) mentioned that 

frequency-domain algorithms fail to eliminate nonstationary signals, whereas time-

domain algorithms entail high computational complexity and low convergence speed 

(Kuo, 1996). 

To further address the aforementioned issues, tremendous efforts have been made 

to achieve faster convergence, lower computational complexity, and greater adaptivity. 

By applying discrete wavelet transformation, Wang et al. (2020b) and Qiu et al. (2016) 

developed a frequency-domain algorithm (i.e., the discrete wavelet transformation–

FxLMS algorithm) to process both stationary and nonstationary signals. Some novel 

algorithms have been proposed to cancel impulse noise, including a convex mixture 

of algorithms (Arenas-Garcia et al., 2003; 2006; Song and Zhao, 2018) and modified 

conventional algorithms (Sun et al., 2006; Tahir Akhtar and Mitsuhashi, 2009; Akhtar 

and Mitsuhashi, 2011; Zhou et al., 2013; Sun et al., 2015). Kurian et al. (2017) 

presented a theoretical learning approach for the robust improvement of adaptive 

algorithms. With the FxLMS/F algorithm (Lim and Harris, 1997) and the idea of a 

convex structure that includes two adaptive filters (Ferrer et al., 2013; George and 

Gonzalez, 2014; Al Omour et al., 2016), a convex combination filter via the FxLMS/F 

algorithm (C-FxLMS/F) (Song and Zhao, 2019) has been presented as a variable step-

size algorithm.  

Many studies have proposed modifications of the control algorithm. Indeed, a 

robust algorithm is important for the control result and should be tested against 

various input signals, such as stationary, impulse, and tonal signals. However, real-
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world (in-situ) measured data are more complicated and likely represent a mixture of 

multiple signals, which cannot yet be effectively processed. Furthermore, due to the 

time-delay effects within the ANC system, the computational effort in the controller, 

signal conversion, and secondary source response needs to be further investigated. To 

accommodate a wide range of applications, an effective preprocessing system for the 

reference signal is likely important to enhance the real-time performance of the 

adaptive filter. An ANC system with preprocessing that uses a combination of a 

dynamic linear model (DLM) and Bayesian inference to reduce operating machine 

noise in a construction site is worthy of exploration. 

Bayesian inference is a method of statistical inference, in which Bayes’ 

theorem is adopted to update the probability for a hypothesis. Assuming A and B to 

denote two events, the condition probability of the event A to provide the occurrence 

of the event B can be given by (Yuen, 2010):  

( )
( | )

( )

P A B
P A B

P B




 
(2.7) 

where symbol   denotes the logical operator for two (or more) events, so ( )P A B  

denotes the probability of the occurrence of both events if P(B)>0. (If P(B)=0, then 

( )=0P A B and ( | )P A B  is meaningless). For discrete events, the theorem is obtained 

as follows: 

( | ) ( )
( | )=

( )

P B A P A
P A B

P B  
(2.8) 

for P(B)>0. If the event A is partitioned into N mutually exclusive events, i.e., A1, 

A2, …, AN, the probability P(B) in the denominator can be replaced by: 
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(2.9) 

for n=1, 2, …, N. 

Bayesian forecasting is among the most widely used approaches in statistical 

analysis. It has been adopted in multiple disciplines, such as econometrics, structural 

dynamics, and aerospace engineering (Yuen, 2010). The basic elements of a Bayesian 

updating model include prior information, a likelihood function, and posterior 

information. This forecasting approach has been widely adopted for decision rules 

used to classify data patterns and as a means to infer unknown parameters from 

known measurements. A DLM is a mathematical tool for time series analysis that can 

be used to describe a routine method of viewing a context that changes over time. 

Bayesian inference has been used to estimate frequency periodic information in a 

narrowband ANC system (Han et al., 2019). Prediction information has contributed 

significantly to enhancing the performance for a specific periodic noise signal. A 

Bayesian estimation approach (Ardekani et al., 2016) was used to recast the problem 

of online secondary path modeling in the form of a statistical inverse problem. A 

novel approach to ANC based on Bayesian estimation theory (Ardekani et al., 2017) 

was investigated using the statistical property for the optimization of parameters. 

Various structures and theories of dynamic models that incorporate Bayesian 

forecasting have also been reviewed in the literature (Pole, 1994; West and Harrison, 

1997). The versatility and applicability of Bayesian methods make them suitable for 

many other applications in mechanical and structural engineering. For instance, 

(Lipowsky et al., 2009) combined Bayesian forecasting with DLM for assessing the 

performance of gas turbines, and Zhang et al. (2018c) and Wang et al. (2017, 2020c) 

used a combination of time series analysis and Bayesian inference for assessing the 

structural responses of high-speed trains and cable-stayed bridges.  
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2.2.2 Active anti-noise devices  

Instead of building on the control algorithm, some researchers have focused on 

modeling effective ANC systems to control noise in large spaces. Multi-input multi-

output ANC systems have been examined (Krahe, 2005; Berthilsson et al., 2012; Eder 

et al., 2017). As the name suggests, an ANC system consists of multiple anti-noise 

sources and sensors. A bottleneck in the development of multi-input multi-output 

ANC systems is the increasing computational load imposed by the controller and the 

increased cost incurred in meeting this requirement. As an alternative system, Murao 

et al. (2016) proposed an array of ANC units on the basis of the active acoustic 

shielding technique and implemented such an array using collocating reference 

microphones and speakers. In this decentralized system, each ANC unit is relatively 

independent and disconnected, and by applying the Huygens–Fresnel principle, the 

array of collocated units can produce the same wavefront pattern as the noise passes 

through it. Murao et al. (2016) claimed that such a decentralized system could realize 

a large quiet zone behind the array and that it could work against any noise source. 

Efforts to optimize this approach have focused on the enhancement of the secondary 

source array. For example, Elliott et al. (2018) first proposed an approach for normal 

incidence plane wave analysis with a clear indication of the optimal cut-off frequency, 

and they recommended that the distance between each secondary source should be 

shorter than one-half of the wavelength of a sound wave. Wang et al. (2015) evaluated 

the integration of sound masking techniques by embedding active noise mitigation 

elements in passive control barriers.  

Other techniques to achieve ANC by embedding anti-noise elements in windows 

have been described in the literature (Huang et al., 2011; Pàmies et al., 2014; Lam et 

al., 2017). The limitation of such array-based ANC systems is that noise reduction 

relies greatly on the density of the secondary speakers, and a quiet large room 

occupied by such an array system has low practicability. Considering commercial and 
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artistic requirements, conventional speakers within the array ANC system have 

gradually been substituted with flexible, lightweight, and smart materials because the 

former are bulky, costly, and unaesthetic. 

Unlike conventional speakers with coils and diaphragms, polyvinylidene fluoride 

(PVDF) (Sugimoto et al., 2009) is a new, smart, lightweight, and thin-film material 

with strong piezoelectric (Kawai, 1969) and ferroelectric (Lolla et al., 2016) 

properties. PVDF thin-film materials are not affected by electromagnetic interference 

or iron filling, and they can be driven directly by an integrated circuit with high 

energy exchange efficiency (Kim et al., 2011). The acoustic characteristics and 

surface vibration modes of transparent and flexible devices, for example, a 

sandwiched membrane structure driven by PVDF, have been investigated (Sugimoto 

et al., 2009; Wang et al., 2015). Moreover, a new-shape structures which uses a folded 

zigzag-tack shape bimorph sheet of PVDF have been explored (Ohga et al., 2010; 

Kim et al., 2012) to improve the efficiency of piezoelectric speakers in low-frequency 

wideband signals. As an implementation of PVDF devices in ANC systems, a foam-

PVDF smart skin was developed for noise control in aircraft interiors (Guigou and 

Fuller, 1999). To address the noise transmission issue from windows, Yu et al. (2007) 

used PVDF thin film coated with compliant carbon nanotube (CNT) conductors as 

actuators of the control system. Hu et al. (2012,2013) proposed a wave separation 

technique to eliminate the disturbance and implemented an anti-noise system via a 

PVDF secondary source for directional noise cancellation. The performance of 

transparent thin-film speakers attached to the surface of a window as a secondary 

source was tested experimentally by Sharifzadeh Mirshekarloo et al. (2018); they also 

performed a numerical simulation to illustrate the overall active control performance 

within the testing room and reported an average SPL of 6.3 dB. 

Despite the foregoing efforts reported in the literature, significant barriers remain, 

blocking the widespread adoption of ANC techniques. The bottlenecks of active 
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mitigation in a large space include but are not limited to the following: the large scale 

of the secondary source array, the limits of the low-frequency response of the PVDF 

speakers, the complexity of the spatial sound field, and the effectiveness of the system. 

Overall, considerable room remains for the further improvement of noise mitigation. 

To this end, hybrid ANC and PNC strategies have been proposed and examined (Lee 

et al., 2002; Remington et al., 2005; George and Panda, 2012; Murao et al., 2019). For 

example, Lee et al. (2002) presented a hybrid panel to reduce transmitted noise; in 

their study, the use of a sound-absorbing material and an air gap proved effective 

against high frequencies, whereas an active approach was found to be effective 

against lower resonant modes. Considering the complexity of the spatial sound field, 

such a hybrid strategy has high potential for application in broadband frequency noise 

reduction. 

2.3 Acoustic manipulation technique 

In addition to noise control, nonlinear acoustic effects have another potential 

application, that is, in the removal of aerosol particles (Yuen et al., 2014). As a 

contact-free technique, acoustic manipulation enables the realization of a noninvasive 

aerosol removal process (Yuen et al., 2014). In most filtration and aerosol removal 

systems, particles are removed from the main air stream via deposition (Niu et al., 

2020). For example, separators such as cyclones use external centripetal force to 

displace particles from the main air stream and then collect them by deposition via 

inertial impaction. In a passive filter, fibers introduce sudden changes in the airflow 

velocity, and the particles are deposited onto them via interception and impaction. The 

capture of submicron particles, such as pollen, dirt, dust moisture, bacteria, virus, and 

liquid aerosol droplets, requires a high-efficiency particulate air (HEPA) filter, in 

which four collection mechanisms are implemented: diffusion, interception, inertial 

impaction, and electrostatic attraction. These systems require that either a high airflow 
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velocity or a high-pressure drop be overcome within the air duct, resulting in high 

energy consumption (Thomas et al., 1999; Jang et al., 2008). Acoustic agglomeration 

was introduced in the 1930s (Patterson and Cawood, 1931). Mednikov (1965) 

developed an innovative aerosol removal technique with the use of nonlinear acoustic 

effects, which has great potential to be developed into an energy-efficient and smart 

aerosol removal technique (Yuen et al., 2014, 2016, 2017).  

2.3.1 Mechanism of acoustic manipulation 

Many research papers have reported the effectiveness of sound waves in causing 

large-scale particle polymerization, thereby decreasing the particulate concentration. 

(Hoffmann et al., 1993; Gallego-Juárez et al., 1999; Liu et al., 2011). Several 

agglomeration mechanisms have been discussed to determine the particles’ motions 

and interactions in a sound wave field (Mednikov, 1965; Song et al., 1994; Zhang et 

al., 2012; Zhou et al., 2017; Kačianauskas et al., 2018). However, no consensus has 

yet been reached regarding the mechanism governing particle agglomeration, which is 

of great research interest. The basic mechanism of acoustic-particle interaction is 

shown in Fig. 2.6. Acoustic agglomeration can be illustrated as a process in which 

acoustic waves are used to manipulate the motion of airborne particles (Chou et al., 

1980; Lee et al., 1981; Tiwary et al., 1984; Temkin and Ecker, 1989), promoting the 

occurrence of collision leads to the formation of agglomerates or clustering (Ng et al., 

2017). Forces acting on airborne fine particles include viscous force, acoustic pressure 

gradient force and inertia force (Yan et al., 2016).  
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Fig. 2.6: Illustration of aerosol particulate transport under an acoustic wave (Ng et al., 

2017).  

A brief overview of the mechanism is provided to explain the theoretical basis of 

acoustic–particle and particle–particle interactions in a sound field. Orthokinetic 

interaction, widely accepted as the primary mechanism of acoustic agglomeration, 

was first proposed by Mednikov (1965). Differences in inertia lead to differences in 

entrainment among particles of various sizes within the oscillation flow of the carrier 

medium (Zhang et al., 2012). However, orthokinetic interaction does not fully explain 

the aggregation of monodispersed particulate, so hydrodynamic interaction was 

proposed to explain the particle motion. Based on Bernoulli’s principle and the 

asymmetry of flow around the particles, Podgornik et al. (2000) explained that the 

particles within a fluid move in response to fluid motion, which spurs colloidal 

particles to interact with each other and with the container walls. Maknickas et al. 

(2016) used a discrete element method to demonstrate acoustic agglomeration of 

micron-sized aerosol particles. By considering the orthokinetic collision, acoustic 

wake, and mutual radiation pressure effects within the numerical simulation, they 

illustrated the occurrence of the acoustic wake mechanism during the process of 

particle agglomeration. In a similar way, the acoustic wake mechanism was also 

declaimed by González et al. (2003) in an experimental study in which the influence 

of acoustic entrainment was analyzed. Markauskas et al. (2015) modified the standard 
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discrete element method model for particle agglomeration and concluded that the 

acoustic wake effect was a major mechanism and that orthokinetic collision was 

inconsequential. The same claim was made by Zhang et al. (2018b) in their proposal 

of a new model, in which they concluded that the acoustic wake effect was dominant 

during the acoustic agglomeration process. However, differing opinions have been 

presented. Dong et al. (2006) claimed that the acoustic wake effect was stronger at 

high frequencies and that orthokinetic interaction was more obvious at low 

frequencies during the agglomeration process. Fan et al. (2017) showed that the joint 

effects induced from orthokinetic interaction and gravity sedimentation were 

dominant.  

The controversy over the dominant mechanism has spurred considerable research 

on acoustic agglomeration. Shen et al. (2018) experimentally examined acoustic 

agglomeration and fragmentation and found that the agglomeration efficiency was 

greatly affected by two factors: the particle size distribution and the volume fraction 

of fine particles. Zhang et al. (2018a) used the addition of liquid droplets to enhance 

the effectiveness of agglomeration. Direct observation of particle motion in a sound 

wave field with an extremely-high-speed camera was examined for further 

investigation of acoustic agglomeration. A new technique (Hoffmann and Koopmann, 

1994,1996) has been examined to observe particle movement via a charge-coupled 

device camera with a high-resolution video system, but this method failed in 

acquiring the particle size and velocity. More recently, Zhou et al. (2017) captured 

particle trajectories using a high-speed camera and track analysis. The vibration speed 

and amplitude were calculated and were shown to be consistent with the numerical 

simulation. Lu et al. (2019) applied high-precision microscopic visualization and 

high-speed photography to observe the agglomeration and separation phenomena of 

fly-ash particles.  
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2.3.2 Potential application of acoustic-based particle manipulation 

A particular pattern of constructive and destructive interference is called a 

standing wave. With two traveling sound waves propagating in opposite directions, 

the two waves combine to create a resultant wave that appears to stand still at certain 

resonant frequencies called modes. These modes generally correspond with harmonic 

partials, with the first mode producing the fundamental. By using acoustic standing 

wave field, aerosol manipulation can achieve the regular motion.  

To further explore the potential application of this technique in an air purification 

system, independent experiments have been conducted to explore the feasibility of the 

acoustic manipulation technique. According to the existing publications in developing 

such an particle manipulation techniques, Sarabia et al. (1986) used high-intensity 

sound pressure to investigate the ultrasonic agglomeration effect on micron-size 

aerosol particles under a high-intensity standing wave. Ng et al. (2017) used acoustic 

agglomeration as a preconditioning device in the ventilation system to enhance the 

PM2.5 filtration efficiency at 6.4 kHz and 140 dB. Shi et al. (2017) constructed a 

resonant structure for the removal of fine particles at SPLs greater than 145 dB. 

Furthermore, phase-control acoustic manipulation has been presented as an alternative 

approach. Qiao et al. (2015,2017) applied fine particle manipulation with a two-

dimensional acoustic standing field emitted by two pairs of Helmholtz resonators 

above 130 dB and concluded that aerosols can be manipulated by multiple acoustic 

wave packets under resonance conditions. Similarly, Greenhall (2013) examined 

micro-particle manipulation within a reservoir via the phase control of bulk acoustic 

waves. They succeeded in experimental manipulation of particles trapped at a 

predetermined location based on two regimes: the ray acoustic regime and the 

Rayleigh regime.  

To further demonstrate practicability, Guo et al. (2012) investigated the 
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combined effects of acoustic effects and gas-solid jet action on particle agglomeration. 

They concluded that the joint effects enhanced particle collision and that the optimal 

frequency was 1416 Hz at a lower SPL of 120 dB. Other important research on 

acoustic manipulation has concerned the levitation of micro- and macro-particles in 

air (Weber et al., 2009; Foresti et al., 2012; Foresti et al., 2013). Indeed, acoustic 

manipulation has distinct advantages for micron particle filtration, which enable its 

use as a prefilter or even a standalone filter for air purification. However, relative to 

the rich body of work on acoustic-based particle manipulation, the application of this 

technique in particulate matter removal has been sluggish. Karpul et al. (2010) 

summarized the relevant factors for filter design when using acoustic force. They 

concluded that acoustic filtering is a working form of filtration but one that requires 

an unfeasibly large amount of power. They mentioned that further novel 

configurations to achieve acoustic-based filtration are essential to adapt to an 

environment with a higher volume flow rate. Moreover, Yao et al. (2010) published a 

comprehensive review of particulate matter control strategies, including acoustic 

agglomeration, from an industrial application perspective. Acoustic manipulation 

enables the realization of innovative devices capable of prolonged, energy-efficient, 

and effective removal of fine particles (Yuen et al., 2014; Yuen et al., 2016,2017). 

Although the literature shows good progress, such devices still require an extremely 

high SPL, a potential obstacle that restricts their application. A partial summary of 

relevant works in using acoustic-particle manipulation is listed in Table 2.1. 

As shown in Table 2.1, in order for acoustics agglomeration to be effective, high 

SPLs are required in the range of 120 to 160 dB, which may cause a noise problem. 

The problem of high SPLs may become a potential barrier to restrict the application of 

acoustic-driven techniques in actual building scenes. Hence, a further study and 

notable breakthrough, to improve the removal efficiency of airborne fine particles 

(especially for sub-micron particles) under lower SPLs, is of current focus. Therefore, 

future studies should focus on improving the removal efficiency of aerosol 
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particulates at a low SPL via acoustic-based particle manipulation. Also, the 

improvement of purification effectiveness is among the most anticipant aspects of 

providing safe, comfortable, and efficient indoor environments (Kelly and Fussell, 

2019).   

Table 2.1: A partial summary of relevant experimental works of using acoustic 

agglomeration (Ng et al., 2017). 

Reference Particle size and 
distribution 

Frequency 
(kHz) 

Intensity 
(dB) 

Performance 

Boulaud et 
al. (1984)  

Monodisperse 0.54 and 
1.02 

140 to 160 Shifted mean from 1.5 μm to 
4.5 μm and shifted σ from 
1.75 to 5. 

Gallego-
Juarez et al. 
(1996) 

Polydisperse 10 and 20 152 Number concentration of 
micron & sub-micron 
particles reduced by 70% 
and 30%, respectively. 

Hoffmann 
et al. (1993) 

Fly ash & 
limestone as 
sorbent 

0.044 160 Mass concentration of 
particles < 11 μm reduced by 
23%. 

Liu et al. 
(2009a) 

Fly ash 1.4 147 Number concentration of 
PM2.5 reduced by 75.6%. 

Guo et al. 
(2012) 

Fly ash 1.416 120 Mass concentration of 
particles 3.3 μm reduced 
around 35% from combined 
acoustics, 23 ms-1 jet gas & 
seed particles of 150 μm to 
250 μm. 

Zhou et al. 
(2015) 

Fly ash 1.4 142 Number concentration 
reduced by 35%. 

Ng et al. 
(2017) 

Polydisperse 6.4 140 Number concentration of 
particles ranged from 0.4 to 
0.5 μm reduced by 16%. 
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2.4 Thermal-acoustic sound emitter  

Acoustic manipulation has been investigated as an efficient pretreatment 

technique to produce particle clusters, which in turn can be easily captured by low-

grade filters in mechanical ventilation systems. However, existing sound emitters are 

dogged by difficulties such as insufficient sensitivity and bulky size, which limit their 

applicability in commercial engineering solutions. This problem is likely to be 

addressed with the development of nanomaterials with high thermal and electrical 

conductivity. A TA sound emitter is a novel type of device that enables the generation 

of TA pressure waves. This emitter adopts the concept of a thermophone (Prevenslik, 

2010) and generates sound via interaction among temperature, density, and pressure 

variations of the surrounding medium. 

Although TA-induced oscillation was first observed centuries ago, TA theory was 

not fully realized until the late 1990s. Rayleigh (1945) gave a qualitative explanation 

of the TA phenomena; he stated a criterion for TA oscillation, relating the occurrence 

of TA phenomena to heat-induced variations in air density. Kramers (1949) then 

presented a formal theoretical study of TA phenomena, in which he generalized the 

Kirchhoff theory of sound attenuation at constant temperature to the case of 

attenuation with a temperature gradient. Feldman (1968) classified TA phenomena as 

Rijke oscillation and Sondhauss oscillation. However, the detailed heat transfer 

mechanism was not discussed in depth. A great breakthrough was made by Rott 

(1969), who developed a linear theory to model TA phenomena. Swift (1988) 

summarized the fundamentals of TA engines built as an energy-conversion device. To 

obtain a comprehensive understanding of TA technologies, relevant reviews (Avent 

and Bowen, 2015; Jin et al., 2015; Zolpakar et al., 2016; Iniesta et al., 2018; Timmer 

et al., 2018; Tartibu, 2019; Chen et al., 2021) were conducted on specific topics, 

including advances in practical implementations, options for transducers, and the 

optimization of TA refrigerators and multiphysics coupling effects within TA devices. 
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In general, two aspects of the TA effects lay the foundation for a TA sound emitter. 

First, an alternating current input is induced into solid materials, which have good 

thermal conductivity, to increase the temperature differential. Second, the temperature 

differential produces spontaneous oscillations (Wheatley et al., 1983) of nearby 

compressible fluid under the continuous excitation of alternating current (Helmholtz, 

1878). Due the temperature gradient, acoustic waves propagate along the direction of 

expansion and compression of the carrier medium. The thermodynamic analysis 

approach (Tiwatane and Barve, 2014) is commonly used to describe specific TA 

properties such as permeability, heat capacity, and thermodynamic equilibrium.  

A TA sound emitter, also referred to as a TA standing-wave generator or a TA 

speaker, is an important application of TA effects. One of the most highly cited studies 

in this field is based on flexible, stretchable, transparent CNT thin-film loudspeakers. 

Xiao et al. (2008) demonstrated that such CNTs can be fabricated and removed from 

well-aligned arrays grown on 4-inch silicon wafers. They measured CNT materials 

with wide frequency range responses from 1 to 30 kHz and high SPL responses above 

70 dB. Furthermore, this CNT loudspeaker device has been examined in other 

theoretical and modeling studies. For example, Lim et al. (2013) developed a TA 

radiation analytical model using suspended CNT films and identified a flat frequency 

response as the TA source. Suzuki et al. (2011) examined the use of CNTs as TA 

loudspeakers in a web configuration. In addition, Xiao et al. (2011) investigated the 

dependence of gases and the relevant frequency response of CNT thin films for 

loudspeakers, and Tong et al. (2013) studied gas-filled encapsulated TA transducers. 

Kozlov et al. (2009) reported a comparative analysis of suspended multi-walled CNT 

sheets and multi-walled CNT-type forests grown on Si wafers; the multi-walled CNT 

sheets illustrated better sound intensity performance. Other studies on near-field 

acoustic holography have been performed (Hall et al., 2014; Asgarisabet et al., 2016). 

The high thermal conversion capability of CNT- or graphene-based thin-film TA 

devices enables the rapid transfer of a temperature difference to allow the conversion 
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of electrical energy to acoustic energy. The advantages of such a device include an 

improved sensitive acoustic response (Magri and Juniper, 2013), high sound intensity 

outputs (Tiwatane and Barve, 2014), a flat frequency response (Hu et al., 2012a), and 

a compact structure (Xiao et al., 2008; Tian et al., 2011b; Tian et al., 2011c; Aliev et 

al., 2015; Asgarisabet and Barnard, 2017; Sbrockey et al., 2018; Torraca et al., 2018).  

An expectation of the graphene-based TA devices and their industrialization time 

is shown in Fig. 2.7 (Qiao et al., 2020). Many graphene TA theory models and devices 

have been demonstrated. To fabricate such TA devices, there are still many advantages 

by using graphene materials which have not been fully explored. Therefore, in-depth 

investigations on it are still of great research interest.  

 

Fig. 2.7: Application forecast of graphene-based TA devices and their industrialization 

time from 2019 to 2030 (Qiao et al., 2020). 
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2.5 Concluding remarks 

This chapter reviews the important concepts relevant to this thesis. This work 

focuses on the development of effective acoustic-based devices for the mitigation of 

noise and improvement of air quality. This work has two main objectives. The first is 

to investigate acoustic characteristics and noise mitigation strategies, and the second 

is to develop a contact-free particulate filtration device that uses acoustic waves. 

Aiming to realize high-efficiency acoustic-particle interactions, we also attempted to 

develop an innovative, small-scale, yet high-intensity TA sound emitter based on CNT 

and graphene. 

Regarding the first objective, we investigated acoustic characteristics and noise 

mitigation strategies. In this regard, we proposed a preprocessing approach that 

includes a Bayesian inference-based DLM for raw-signal filtering, enabling 

integration with an adaptive ANC system. Several studies have exploited effective 

noise defensive strategies that include both passive and active approaches. Specific to 

ANC, many studies of the control algorithm problem have sought to develop 

complicated algorithms. They enhance the control algorithm performance but 

introduce computational burdens. Moreover, such intricate systems have inherently 

less utility in terms of their cost and the feasibility of their implementation. In a 

broadband time-varying feed-forward control system, Bayesian inference enables a 

fuzzy reference signal to be provided. Noise signal processing includes many 

parametric uncertainties. A statistical model can be used for signal parameter 

identification, and this method has the great potential in this respect. Another 

advantage is that a preprocessing system can be treated as a filter when using a 

Bayesian approach.  

It is well known that ANC systems struggle to achieve broadband frequency 

noise attenuation, but decisions made by a preprocessing system while the ANC 
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system is in operation prevent interference from cumbersome disturbances from the 

environment, thereby acting as a filter to narrow the frequency bandwidth. Meanwhile, 

the inference from the noise model parameters can be identified with a “short-time” 

prediction. Many investigations have focused on the convergence speed and 

robustness of control algorithms but have ignored the complicated signal conversion 

in the secondary path of ANC algorithms. Hence, such a preprocessing system 

provides a promising method to enhance the efficiency of signal processing, which 

should lead to an improvement in the performance of the ANC system. 

The establishment of an effective anti-noise device is another focus in noise 

control investigations. To this end, we developed a dual-function noise barrier with 

both active and passive control approaches as an anti-noise device. Considering the 

complexity of the spatial sound field in the construction noise issue, a hybrid control 

strategy is more advantageous. Conventional barriers are typically made of masonry, 

steel, concrete, and wood materials. Consider concrete as an example, using which 

simple construction and acceptable aesthetics are difficult to achieve (Hong and Jeon, 

2014). In contrast, the use of low-cost, lightweight, and recyclable materials is 

preferred in the design of environmentally friendly noise barriers. Wood and rubber 

composite materials have shown great potential as candidates for advanced barrier 

design because they can increase the tensile modulus and mechanical strength. 

However, the use of passive noise barriers (e.g., aluminum, metal, timber, acrylic, or 

vegetation) alone is not effective in covering a wide range of frequency bandwidth, 

especially low-frequency components (Nilsson and Berglund, 2006); this is mostly 

because the acoustic wavelength of low-frequency noise is significantly longer than 

the thickness dimension of the barrier structures, which leads to an inefficient 

coupling effect. To address this challenging task, we used smart piezoelectric thin-

film as a layer embedded inside the noise barrier made of recycled composite 

materials. A noise barrier made with such laminated structures allows the delivery of 

two defensive lines for wide-frequency noise attenuation. 
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To further investigate nonlinear acoustic effects and their potential application in 

the filtration of submicron particulates, we developed a prototype that enabled 

submicron particulate filtration at a lower sound intensity based on the concept of 

acoustic trapping. Relevant studies have demonstrated significant achievements in 

acoustic agglomeration at high SPLs (i.e., 130 to 140 dB). However, the requirement 

of high SPLs is a problem that could restrict the practical application of acoustic-

driven techniques in construction sites. Hence, a study to improve the removal 

efficiency of airborne fine particles (especially submicron particles) at lower SPLs 

warrants attention. Moreover, the development of an innovative, small-scale, yet high-

intensity acoustic wave device is crucial, as is addressing the requirements for high-

efficiency acoustic-particle interaction mechanisms.  

The achievement of TA manipulation requires a novel loudspeaker in lieu of 

conventional mechanical acoustic transducers. It requires novel flexible materials with 

a low heat capacity per unit area. A significant breakthrough was achieved with CNT-

based loudspeakers (Xiao et al., 2008) that exhibited exemplary sound emitting 

properties, and single-walled CNT films were reported thereafter (Nasibulin et al., 

2011). TA chips with CNT thin yarn arrays have been reported (Wei et al., 2013), and 

many materials have been identified for use as loudspeakers (Aliev et al., 2015). 

Recently, the main focus has turned to 2D materials such as graphene. For example, 

Tian et al. (2011a) and Suk et al. (2012) developed TA speakers with monolayer 

graphene which is nanometer in thickness. Newer designs for TA devices have shown 

broadband signal responses (Tong et al., 2017), demonstrating that high performance 

can be achieved with gap separation between the loudspeaker material and the 

substrate (Tong et al., 2015). We thus developed two prototypes, namely CNT-based 

and graphene-based TA devices and tested their acoustic performance.  
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CHAPTER 3  

APPLICATION OF PROBABILISTIC 

ASSESSMENT FOR NOISE SIGNAL PRE-

PROCESSING IN ACTIVE NOISE CONTROL  

3.1 Introduction 

Technical challenges of construction noise control are the loudness of 

construction machines and the difficulty of implementing noise-control measures. The 

deployment of barriers and enclosures is a common solution because of easier 

implementation and lower cost. Whilst barrier insulation provides fairly good high-

frequency noise control, in machine operations low frequencies are dominant, and 

passive noise control has limited efficacy. Moreover, construction noise generated 

from various powered mechanical equipment with a broadband sound power spectrum 

is more complicated than other noise types, such air-borne noise can induce 

annoyance to human beings (Lee et al., 2015). To achieve an effective active noise 

attenuation, it is necessary to consider particularly annoying characteristics within 

construction noise, such as low-frequency sound components, intermittent noise, 

impulsive elements, and audible tones (DEFRA, 2006; Murphy and King, 2014). 

To process such a time-varying noise signal, we attempted to investigate a 

feasible pre-processing model which enable to cooperate with ANC system for 
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construction noise signal attenuation. The use of PNC approaches is hardly to resist 

the effect of low-frequency noise, as the acoustic wavelength is significantly longer 

than the dimension of barrier structures to cause inefficient coupling. Hence, an active 

cancellation system is of particular interest for low-frequency noise. Based on the 

principle of superposition of sound, an anti-noise speaker is adopted to emit sound 

waves with the same amplitude but with inverted phase to reduce undesired noise. In 

this work, a pre-processing procedure, utilizing a Bayesian inference-based dynamic 

linear model (DLM), was used for raw-signal filtering before the ANC system. 

Bayesian forecasting is one of the most widely used approaches in statistical analysis. 

It has been adopted in multiple disciplines, such as econometrics, structural dynamics, 

and aerospace and mechanical engineering (Yuen, 2010), while DLM is a 

mathematical tool for time series analysis that can be used to describe a routine way 

of viewing a context that changes with time (Pole, 1994).  

Bayesian inference is a pre-processing filter based on statistical characteristics 

and the control algorithm retains a least-mean-square (LMS) foundation. In a 

broadband time-varying feed-forward control system, Bayesian inference enables to 

provide a fuzzy reference signal. Noise signal processing contains many parametric 

uncertainties. A statistical model can be used for signal parameter identification, and 

this method possesses great potential on this aspect. For example, Bayesian inference 

was adopted to estimate frequency periodic information in a narrowband ANC system 

(Han et al., 2019). Prediction information contributed a lot to enhance the 

performance for a specific periodic noise signal. A Bayesian estimation approach 

(Ardekani et al., 2016) was adopted to recast the problem of online secondary path 

modeling in the form of a statistical inverse problem. A novel approach to active noise 

control based on Bayesian estimation theory (Ardekani et al., 2017) was investigated 

utilizing the statistical property for the optimization of parameters. Various structures 

and theories of dynamic models that incorporate Bayesian forecasting have also been 

reviewed (Pole, 1994; West and Harrison, 1997).  
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In real-life engineering applications, time-delay effects introduced by a multiple 

signal conversion in the secondary path of ANC algorithms such as analog-to-digital 

and digital-to-analog signal transitions are important factors that can directly affect 

the control algorithm performance. Plenty of investigations have focused on the 

convergence speed and robust of control algorithms, but the complicated signal 

conversion in the secondary path of ANC algorithms is still a problem. Hence, the use 

of data prediction based on a statistical strategy is an alternative way to enhance the 

efficiency of signal processing. 

In this work, the prediction signal is a “K-step estimation” of the observation in a 

Bayesian approach. A time series model was adopted to simulate the observational 

signal characteristic as it enabled modeling of the dynamic behavior. The combination 

of the Bayesian approach and a time series model is a characteristic strategy for 

providing the reference signal for an ANC system ahead of time. To investigate the 

pre-processing system, a reference signal was acquired from in-situ measurement on a 

construction site, which contained environmental disturbance. The derivations of 

Bayesian inference for this signal, based on a DLM, are presented in Section 3.2. The 

pre-processing method is presented in Section 3.3. Simulations were performed using 

a conventional control algorithm FxLMS (Widrow and Stearns, 1985) and a new 

convex structure C-FxLMS/F algorithm (Song and Zhao, 2019). In addition, we used 

two cases to illustrate the possibility of three types of reference signals processing, i.e., 

(i) Gaussian noise; (ii) sinusoidal and Gaussian noise; and (iii) in-situ measurement 

data. We also discussed the convergence performance and complexity of the whole 

processing procedure in Section 3.4. Finally, we summarized the findings and 

limitations of this work and illustrated the future research direction in Section 3.5.  

3.2 Research methodology 

The proposed method is presented in the subsequent sections. For ANC 
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algorithms, time-delay effects, including controller computation and secondary source 

response, can restrict the control performance of adaptive filters. To provide early 

signal processing in an active control algorithm, Bayesian forecasting is utilized to 

predict the next few steps to reduce the time consumption of the complicated 

secondary path. Furthermore, Bayesian inference is incorporated with time series 

analysis to express the variation in the observation signal with time. The combination 

of Bayesian inference and a DLM can be considered as a pre-processing system to 

appropriately modify the complicated signal before it enters the active control 

algorithm, which partly reduced the time delay effects.  

3.2.1 Dynamic linear model 

DLMs form the basis of time series analysis methods. To describe a time series 

such as an observational signal, the general state-space function is utilized to express 

the current status using mathematical elements, e.g., values, gradients, curvature, etc. 

We focus on statements about the future development of a time series that is 

conditional on existing information. Hence, mathematical and statistical 

representations are the connection that provides communication between the 

forecaster, model and decision makers.  

According to the information available in time cycle (t1), the guess value in 

time t for the parameter can be calculated through the model function. For the general 

normal DLM, it can be characterized by a quadruple (Pole, 1994; West and Harrison, 

1997; Lipowsky et al., 2010; Lai and Zhang, 2019) as follows: 

 , , ,t t t tF G V W
 (3.1) 

where Ft is a known  p r  matrix that acts as a regression matrix of known values 
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of independent variables, Gt is the known  p p  system or state evolution transfer 

matrix, and Vt and Wt are the observational variance matrix and evolution variance, 

respectively.  

The equations of the model can be expressed as (Pole, 1994; West and Harrison, 

1997; Zhang et al., 2018c; Wang and Ni, 2020c; Wang et al., 2020d):  

Observation Equation: T
t t t tY F v   ,  ~ 0,t tv N V  

System Equation: 1t t t tG w     ,  ~ 0,t tw W  

(3.2) 

1 1 1
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(3.3) 

where the guess vector θt contains two elements, αt and βt, which denote the current 

level of parameter value and gradient, respectively. tv  and tw  are two independent 

Gaussian random vectors with mean zero and unknown covariance matrices Vt and Wt. 

The evolution error-free case is assumed with 0tW   for all t so that 1t t tG    . 

3.2.2 Bayesian forecasting 

Bayesian forecasting proceeds according to the known information as its 

principle of management. Routine forecasting from a model is used directly, while the 

occurrence of non-routine events alters the parameters of the model to reflect the 

circumstances. Based on Bayes’ rule (Pole, 1994; Yuen, 2010), the prior density 

provides concise and coherent transferred information to the posterior probability of a 

model parameter. With a time-varying observed process, this can be formed using a 
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probability density function based on the assumption of Gaussian distribution. It is 

noted that Bayesian method is available for all distributional assumptions.  

The observational distribution with density can be described as (Pole, 1994) 

 , 1|t t tp Y D   (3.4) 

and the prior for μt given Dt-1 has the density, 

 1|t tp D   (3.5) 

According to Bayes’ theorem (Lipowsky et al., 2010; Yuen, 2010), the posterior for μt 

can be obtained: 

   
   

 

1

1 1

1

| | ,

| | ,

|

t t t t t

t t t t t

t t

p D p D Y

p D p Y D

p Y D

 

 


 






 

(3.6) 

The notation of the guess vector θt  is given by (Pole, 1994; West and Harrison, 

1997; Lipowsky et al., 2010; Zhang et al., 2018c; Lai and Zhang, 2019):  

    1 2| ~ ,  with , , ,t t t t t tD N m C D Y Y Y    (3.7) 

where  1 2, , ,t tD Y Y Y   are the observations. On the basis of these, Bayes’ rule 

provides a formula for the probability estimation of the next time step, which 

represents the state space vector θt that obeys the Gaussian distribution. The function 

 1 2, , ,t tD Y Y Y   expresses the known information at the time cycle t, and mt and Ct 

are the mean value and variance, respectively. 
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The Bayesian updating approach is utilized for signal filtering and short-term 

forecasting of noise signal inference. It is worth noting that the noise signals 

processed must be relatively stable and regular construction noise patterns, such as 

automobile engines or turbine motors. The combination of Bayesian inference and a 

DLM can provide a “forecast-observation-analysis” cycle. The logic of Bayesian 

inference equations is presented in Eqs. (3.8)–(3.11), the derivations of these can be 

referred to the works (Pole, 1994; West and Harrison, 1997).  

Given that the state space function at time step (t) is 

   | ~ ,t t t tD N m C
 (3.8) 

where  1 2, , ,t tD Y Y Y   denotes the state of knowledge at time t. Prior information 

on the state space function for the next time step (t+1) is summarized as follows 

   1 1 1| ~ ,t t t tD N a R     (3.9) 

According to the prior information and observation equation (i.e., Eq. (3.2)), Yt+1 can 

be obtained in the following form 

   1 1 1| ~ ,t t t tY D N f Q    (3.10) 

where the means and variances are given by (Pole, 1994): 

1 1

1 1 1

1 1 1 1

1 1 1 1 1
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If a forecast of the next K time steps is of interest, the K-step forecasting 

equations are given by (Pole, 1994). For a constant observational factor 
1

0tF F
 

   
 

and evolution factor 
1 1

0 1tG G
 

   
 

, forecasting several steps ahead requires the 

prior information to be projected into the future through repeated application of the 

system equation. Given the prior for time (t+1), the implied prior for time (t+2) from 

the same standpoint, with no additional information, is  1 |t tp D  . This prior is 

obtained by applying Eqs. (3.12) and (3.13) below:  

   | ~ ( ), ( )t K t t tD N a K R K   (3.12) 

   | ~ ( ), ( )t K t t tY D N f K Q K  (3.13) 

with the following parameters: 

1
1

1 1
1 2
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( )

K
t t

T
t t K t

KK K K j K j
t t t jj
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
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   

 

 

 

 


 (3.14) 

The state vector θt, which comprises n elements, is extracted to enable 

identification of the time series. Accordingly, the mean response function μt affords 

knowledge of the state vector. The t  can be expressed as follows (West and Harrison, 

1997). 
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t tT     (3.15) 
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-1=t tT   

(3.16) 

where the matrix T must have a full rank n to satisfy the requirements of observability 

in model design.  

Consider the observability and the forecasting function, for a time-domain DLM, 

the mean response function μt+k defines the implied form of the time series in model 

design where the K value is the step ahead index. With the state vector and evolution 

error = t
t

t
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, respectively, we have 
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 (3.17) 

The expectation of state space at time cycle (t1) is given as  |t t tE D m  . With 

1

2

t
t

t

m
m

m

 
  
 

, the forecasting function is 1 2( ) ( )t t tf K m Km  . 
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3.2.3 Adaptive FxLMS control algorithm 

The block diagram of an adaptive active single-channel feed-forward ANC 

system is shown in Fig. 3.1 (Kuo, 1996). The primary path is denoted by the transfer 

function P(z), and the secondary path is S(z). W(z) is the ANC controller weight 

coefficient, which is updated through the process. Variable y(n) is the adaptive filter 

response and e(n) is the residual error. ˆ( )S z  is the estimation of the secondary path 

that can be obtained by adaptive filtering using either offline or online modeling.  

 

Fig. 3.1: Block diagram of a conventional FxLMS algorithm (Kuo, 1995). 

The adaptive filter output signal y(n) is given by  

( ) ( ) ( )Ty n w n x n  (3.18) 

where ( ) [ ( ), ( 1),..., ( 1)]Tx n x n x n x n L     is the reference signal vector and 

0 1 1( ) [ ( ), ( ), ..., ( )]T
Lw n w n w n w n is the weighted vector of the adaptive filter. The 

expression for the residual error e(n) is computed as follows: 

( ) ( ) '( )e n d n y n   (3.19) 
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where ( ) ( ) ( )d n x n p n   represents the primary noise signal, '( ) ( ) ( )y n y n s n  is the 

secondary cancelling signal, and s(n) is the impulse response of S(z). The symbol “∗” 

denotes the discrete convolution operator. The corresponding weighting equation can 

be updated by: 

( 1) ( ) '( ) ( )w n w n x n e n    (3.20) 

where μ is the fixed step-size value.  

To improve the noise reduction performance of a single-channel feed-forward 

ANC system, the filtered-x least-mean square/fourth (FxLMS/F) algorithm was 

introduced (Widrow and Stearns, 1985). Convex combination structures based on an 

LMS algorithm (Arenas-Garcia et al., 2006; Ni and Li, 2010) were developed to 

improve the filter performance. After this, a combination of a convex filter structure 

and an FxLMS/F algorithm was developed to solve the complicated parameter-setting 

problem and improve the convergence rate (Song and Zhao, 2019).  

In general, the cost function of the LMS/F algorithm is given by (Lim and Harris, 

1997; Li et al., 2016)  

2 21 1
( ) ( ) ln( ( ) )

2 2
J n e n e n   

 
(3.21) 

where ϕ is a positive threshold parameter that controls the convergence speed and the 

noise reduction performance. The updated equation for FxLMS/F is different from the 

FxLMS algorithm, as shown below 
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(3.22) 

The block diagram for the convex combination with an FxLMS/F algorithm is 

shown in Fig. 3.2 (Song and Zhao, 2019). The convex combination is utilized for 

improving the convergence rate with two adaptive filters.  

 

Fig. 3.2: Block diagram of a convex combination of adaptive filters based on an 

FxLMS/F algorithm (Song and Zhao, 2019). 

The output of the overall combined filter is given by the following equation 

1 2'( ) ( ) '( ) (1 ( )) '( )y n n y n n y n     (3.23) 

where γ(n) is a mixing coefficient ranging from 0 to 1. This coefficient is used to 

control the combination of two adaptive filters at each signal iteration, and its explicit 

form is shown via a sigmoid activation function (Arenas-Garcia et al., 2006):  
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( )

1
( )

1 A n
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e
 

  
(3.24) 

where A(n) is an inner adaptation according to the gradient descent method. It ranges 

from [ , ]    where    is a parameter to be determined by the control algorithm. 

The explicit form is given by (George and Panda, 2012; Al Omour et al., 2016): 
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(3.25) 

Then, the updated equation for the convex filter structure combined with an FxLMS/F 

algorithm can be obtained as below 

1 2( ) ( ) ( ) (1 ( )) ( )w n n w n n w n     (3.26) 

In the convex filter structure combined with an FxLMS/F algorithm (i.e., 

C-FxLMS/F), the filter performance for active control revealed enhancement in three 

case studies in terms of the Gaussian input signal, sinusoidal wave input signal and 

impulse noise with a symmetric alpha distribution signal (Song and Zhao, 2019). In 

terms of signal processing, the time-domain algorithm contains instabilities under an 

unpredictable disturbance. The proposed system with pretreatment procedures and 

Bayesian inference processed via a C-FxLMS/F algorithm is illustrated in the next 

section. The reference signal was derived from the in-situ measurement data.  

A pretreatment procedure is used to enable reference signal processing. An ANC 
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system is utilized as a secondary source to highlight the desired signal, which means 

that the response time of the path is an important factor. The response time of the 

secondary path is also considered as a time-delay effect in an ANC system, which 

directly affects the converged performance of a control system as it requires 

complicated computation and conversion of signal form. A pre-processing system 

based on a characteristic strategy and having a low computational loss is required not 

only to reduce the time-delay compromise, but also to prevent the sudden disturbance 

of the reference signal.   

3.3 Proposed ANC system with pretreatment process 

In this section, the use of the Bayesian inference approach based on DLM as the 

pre-processing procedure before the ANC structure is described, as a way to solve the 

abovementioned problems. Given that the reference signal is acquired from an in-situ 

microphone measurement, the observation signal was modeled with DLM. K-step 

prediction data can be calculated ahead of the current time. The inference signal 

replaced the reference signal in the ANC system. In this study, we attempted to pre-

process the inference signal based on the measurement data and treated it as a 

reference signal for adaptive prediction in ANC algorithms. In Eq. (3.2), the 

observation (measurement) equation contains the state parameter (θt) and the 

unknown variable (vt). To investigate the dynamic change of the whole dataset, we 

assumed that the random noise (i.e., vt) still obeys a normal distribution. With a 

smaller value of vt, the estimation of the posterior parameters relies more heavily on 

the observation data. The posterior parameters can be updated via the inference loop 

given in Eqs. (3.8)(3.11) as time goes on.  

To investigate the performance of noise reduction, a simple diagram is presented 

for illustration in Fig. 3.3. To determine the learning process of this control algorithm, 

both average noise reduction (ANR) (Song and Zhao, 2019) and mean noise reduction 
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(MNR) indices are used. Furthermore, the performance of noise reduction can be 

evaluated by the power spectrum of noise residual (Bouchard and Quednau, 2000; 

Bouchard and Yu, 2001). 

 

Fig. 3.3: Evaluation of noise reduction performance. 

The block diagrams of the active control algorithms (conventional FxLMS 

algorithm and the C-FxLMS/F algorithm) are illustrated in Figs. 3.4 and 3.5, 

respectively. The measured noise signals from in-situ measurement of construction 

machines were processed by the proposed technique as shown in Fig. 3.6. It contains 

two processing loops, Bayesian inference loop for online measured data pre-

processing and secondary source generation loop. In the pre-processing procedure, a 

second-order DLM was formulated to model the noise signal series. Then, the 

Bayesian forecasting approach was applied to conduct a K-step prediction prior to the 

next K-step observation as the reference signal for the ANC system, with the aim of 

reducing the time-delay effects of secondary source production. The noise signal 

acquired from in-situ measurement of machinery such as concrete mixers and road 

crushers were used as the primary source. The results of various simulations are 

conducted to validate the effectiveness of the proposed method for the primary noise 

attenuation. The performance evaluations were carried out using the following 

averaged noise reduction index (Song and Zhao, 2019) 
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( ) 20log  (dB)
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A n
ANR n

A n

 
  

   
(3.27) 

where ( ) ( 1) (1 ) ( )e eA n A n e n      and ( ) ( 1) (1 ) ( )d dA n A n d n     . The 

initial conditions were set as ( ) 0eA n  , ( ) 0dA n   and 0.999   is the forgetting 

factor (Song and Zhao, 2019).   

 

Fig. 3.4: Block diagram of a conventional single channel feedforward FxLMS 

algorithm with Bayesian inference based on DLM as a pre-processing procedure for 

signal processing. 

 

Fig. 3.5: Block diagram of a convex structure with Bayesian inference based on DLM 

as a pre-processing procedure for signal processing.   
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Fig. 3.6: Flow chart of the proposed pre-processing system. 

The convergence performance of various algorithms is compared on the basis of 

mean noise reduction, which is defined as the ratio of average residual error signal 

power and average disturbance signal power (Bouchard and Quednau, 2000; 

Bouchard and Yu, 2001)  

2

2
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E e n
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E d n

 
  

   
(3.28) 

The ANR and MNR curves for the various methods discussed here are presented 

in sub-sequent section. To evaluate the performance of the proposed system, the 

secondary path S(z) and its estimate ˆ ( )S z were assumed to be the same. The adaptive 

filters were designed with a length of ' '' 128L L L   , where the primary path P(z) 

and secondary path S(z) were modeled by a finite impulse response filter of length 

N=256. The primary and secondary paths can be estimated in the in-house laboratory. 

White noise signals were utilized as excitations. Then, the characteristics of the 
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transfer functions and their impulse responses can be investigated using two fixed 

position microphones. According to the impulse responses, the corresponding 

frequency and phase responses are shown in Fig. 3.7.  

 

Fig. 3.7: Frequency responses of acoustic paths used in computer simulations. (a) 

Magnitude response and (b) Phase response. 

3.4 Illustrative case studies 

3.4.1 In-situ noise signal recording 

In this study, the reference data were obtained from in-situ noise field 

measurement. Fig. 3.8 shows the measurement setup and data. The audio recordings 

of construction machines are registered by acoustic instruments including a binaural 

microphone (Type B&K 4189), a recorder (Sony DAT Recorder) and a microphone 

amplifier (ENDEVCO 4416B). According to the standardized procedures for 

measuring exterior noise levels of construction machines (SAE, 1976), the height of 

the microphone was set to 1.2 m from the ground.  

The sampling rate of the data was 44,100 Hz. The sound pressure signals were 

stored by a recording tape and re-acquired using an analog-to-digital card in the 
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in-house laboratory. For the auditory experiments, 1-min audio samples of 

construction machine were excerpted from the recordings. The amplitude of digital 

signals represents the voltage of output signals. The processing signals below, i.e., 

Bayesian inference, are based on these raw signals that are plotted in Fig. 3.8(c).  

 

Fig. 3.8: (a) Digging machine and transportation vehicles at a construction site near 

Austin MTR Station; (b) Noise measurement equipment with microphone, 

accelerometer, recorder and amplifier, and (c) Time-history of raw data. 
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3.4.2 Case 1: Conventional FxLMS algorithm with Bayesian 

inference 

The various simulation parameters used in the case were the conventional 

FxLMS algorithm with μ=0.01. The Bayesian inference approach was applied to 

conduct K-step predictions prior to the current time. In the DLM, the parameter 

setting was as below: 

1 1 1
5

0 0 1t tF G K
   

     
   

， ，

 
(3.29) 

In Fig. 3.9, the grey area depicts the predicted distribution at each iteration when 

K = 5. This means that according to the current observational data, the next five steps 

of data can be obtained via a time series model. The predicted information was 

presented as a distribution with a mean value and standard deviations. All of the 

original signals can be covered within the grey area at a 90% confidence interval. 

Next, the fuzzy prediction data were obtained as a reference signal for ANC control 

algorithm processing.  

In an active control system, the reference signal is important as a reference in the 

secondary control path. However, most research has focused on the enhancement of 

the control algorithm and ignored the reference signal impact. The fuzzy prediction 

signal may not be identical to the observational data, but this will not affect ANC 

system performance. Moreover, the advantage of Bayesian inference is obvious: it 

considers the “time-delay” effect on the secondary path. In Fig. 3.9, the blue line is 

almost coincident with the middle of the grey area, which means that when K=5 the 

prediction data are almost the same as the observational data. With the increase in K, 

the prediction data contain greater uncertainty. Moreover, a greater computational 

effort would be required in the pre-processing step.  



Chapter 3 Application of Probabilistic Assessment for Noise Signal Pre-processing in 
Active Noise Control 

62 

 

 

Fig. 3.9: Comparison of the inference and observation signals (Inference signal is 

denoted by a distribution with K=5). 

The time-domain signal attenuation results with and without the use of the 

Bayesian inference pretreatment procedure are presented in Fig. 3.10. From time-

domain analysis, it is clear that both systems can be converged. The convergence 

curves via the ANR index learning process with and without Bayesian inference are 

presented in Fig. 3.11, and the MNR learning curves are shown in Fig. 3.12; from 

these data it can be observed that systems using Bayesian inference achieved a higher 

convergence speed. Unless specified in the context, the term “without prediction” 

refers to the original signals measured from the construction site. 
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Fig. 3.10: Time domain signals (a) with and (b) without Bayesian inference: Desired 

signal (blue line); Control signal (green line); Residual signal (red line). 

 

Fig. 3.11: Evolution of learning curves for processing in-situ measurement data based 

on the ANR index. 
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Fig. 3.12: Evolution of learning curves for processing in-situ measurement data based 

on the MNR index. 

The same noise reduction performance with and without Bayesian inference is 

shown in Fig. 3.13. The unit of the time-domain signals was transformed as a sound 

pressure (Pa). Compared with the reference pressure ( 620 10  ParefP   ), the signals 

were converted to a frequency domain via Welch’s power spectral density estimation. 

The orange line representing data acquired using Bayesian inference and the yellow 

line data representing data acquired without Bayesian inference are coincident. The 

fact that our proposed system achieved a similar noise reduction performance as the 

conventional algorithm under the same parameter setting revealed obvious advantages 

can be realized. Primarily, it means that time-delay effects on the secondary path can 

be considered in the control algorithm; in addition, determining the convergence 

speed with the prediction data as a reference signal can give better results.  
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Fig. 3.13: Performance of the proposed ANC system (FxLMS algorithm) with or 

without Bayesian approach as a pre-processing procedure.  

Figures 3.14–3.16 present the K value impact of the proposed ANC system. With 

K value increasing from five to eight steps, the convergence performance is better 

shown in the ANR index and the MNR index. Fig. 3.16 shows the noise attenuation 

performance in the frequency spectrum. It is obvious that the K value has less effect 

on the final noise reduction. In this figure, we also observe that the results with and 

without the use of the Bayesian inference pretreatment procedure are almost identical, 

thereby verifying the correctness of the proposed pretreatment procedure. By 

comparing the data without ANC processing (i.e., “ANC off”), the performance of the 

ANC system (with and without prediction) is dominant at the low-frequency region ( 

below 500 Hz), this is mainly due to the effect of the FxLMS algorithm.   
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Fig. 3.14: Evolution of learning curves for processing in-situ measurement data based 

on the ANR index.  

 

Fig. 3.15: Evolution of learning curves for processing in-situ measurement data. based 

on the MNR index. 
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Fig. 3.16: Performance of the proposed ANC system (conventional FxLMS algorithm 

combined with Bayesian approach) with various K-step values. 

3.4.3 Case 2: C-FxLMS/F algorithm with Bayesian inference 

In a time-domain system, a conventional FxLMS algorithm contains distinct 

restrictions, and thus many researchers have investigated the time-domain control 

algorithm modification. The C-FxLMS/F algorithm was proposed (Song and Zhao, 

2019); it utilized two adaptive filters for convex structure. The FxLMS/F algorithm 

was adopted as the cost function to reduce the limitations of the FxLMS algorithm. To 

investigate the practical effects of the Bayesian approach in this case, the C-FxLMS/F 

algorithm was utilized as a control algorithm. The reference signals were from in-situ 

measurement noise, as shown in Fig. 3.8. The various simulation parameters used in 

the case were (Song and Zhao, 2019):  
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The Bayesian inference approach was applied to conduct K-step prediction 

information prior to the study. In the dynamic linear model, the parameter settings 

were the same as presented in Eq. (3.29).  

In Fig. 3.17, the grey area shows the predicted distribution at each iteration where 

K is 5. By comparing the orange line and grey area, it can be seen that all the original 

signals can be covered by the grey area at a 90% confidence interval. The fuzzy 

prediction data were thus used as a reference signal for the ANC control-algorithm 

processing.  

 

Fig. 3.17: Comparison of the inference and measurement signals (Inference signal is 

denoted by a distribution with K=5). 

The time-domain signal attenuation results, with and without a Bayesian 

inference pretreatment procedure, are presented in Fig. 3.18. From time-domain 

analysis, it is obvious that both systems can be converged. The convergence curves 

via the ANR learning process with and without Bayesian inference are presented in 

Fig. 3.19, and the MNR learning curves are shown in Fig. 3.20; this reveals that the 

system treated with Bayesian inference can achieve a higher convergence speed. The 
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same noise reduction achievement with and without Bayesian inference is shown in 

Fig. 3.21. 

To evaluate the parameter effects in the ANC system, the comparison results are 

shown in Figs. 3.22–3.24. It can be seen that with increasing K value, the convergence 

performance is faster, as illustrated in the ANR and MNR indexes. The noise 

reduction performance in the frequency spectrum coincides with the performance of 

the ANC system without Bayesian inference, as shown in Fig. 3.24. In this figure, the 

results with and without the use of the Bayesian inference pretreatment procedure are 

almost identical to each other, this shows again the correctness of the proposed 

pretreatment procedure. By comparing the data without ANC processing (i.e., “ANC 

off”), the performance of the ANC system (with and without prediction) is still 

pronounced at the low-frequency region ( below 500 Hz), this is mainly due to the 

effect of the C-FxLMS/F algorithm. 

 

Fig. 3.18: Time domain signals (a) with and (b) without Bayesian inference: Desired 

signal (blue line); Control signal (green line); Residual signal (red line). 
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Fig. 3.19: Evolution of learning curves for processing in-situ measurement data based 

on the ANR index. 

 

Fig. 3.20: Evolution of learning curves for processing in-situ measurement data based 

on the MNR index. 

 

Fig. 3.21: Performance of the proposed ANC system (C-FxLMS/F algorithm) with or 

without Bayesian approach as a pre-processing procedure. 
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Fig. 3.22: Evolution of learning curves for processing in-situ measurement data based 

on the ANR index. 

 

Fig. 3.23: Evolution of learning curves for processing in-situ measurement data based 

on the MNR index. 
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Fig. 3.24: Performance of the proposed ANC system (C-FxLMS/F algorithm 

combined Bayesian approach) with various K-step values.  

3.4.4 Complexity analysis of various signal forms 

To evaluate the effectiveness of this pre-processing process, three signal forms 

(i.e., (i) Gaussian noise; (ii) sinusoidal and Gaussian noise; and (iii) in-situ 

measurement data) are also tested for comparison. In Figs. 3.253.27, the 

convergence speed is examined by the ANR index. Only a Gaussian noise input was 

fed into an ANC system with and without Bayesian inference. The results show that 

the convergence performance is better with the presence of this pre-processing system. 

Figs. 3.283.30 further present a good convergence performance under the effect of 

both sinusoidal and Gaussian noise signals. In this case, the reference noise signal x(n) 

is a sinusoidal wave of 500 Hz and the sampling rate is 8000 Hz as follows:  

2 500
( ) sin ( )

8000

n
x n v n

     
   

(3.31) 

where v(n) represents a Gaussian noise. In Figs. 3.27 and 3.30, the C-FxLMS/F 

algorithm with and without the pre-processing system presents a similar convergence 

performance. In Fig. 3.31, using the in-situ measurement noise input, we observe that 
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the results with Bayesian inference are better than that of those without such a process 

for the FxLMS, FxLMS/F and C-FxLMS/F algorithms.  

 

Fig. 3.25: Evolution of learning curves for a Gaussian signal input (FxLMS algorithm 

with various step-size). 

 

Fig. 3.26: Evolution of learning curves for a Gaussian signal input (FxLMS/F 

algorithm). 
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Fig. 3.27: Evolution of learning curves for a Gaussian signal input (C-FxLMS/F 

algorithm). 

 

Fig. 3.28: Evolution of learning curves for a combined sinusoidal and Gaussian signal 

(FxLMS algorithm). 
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Fig. 3.29: Evolution of learning curves for a combined sinusoidal and Gaussian signal 

(FxLMS/F algorithm). 

 

 

Fig. 3.30: Evolution of learning curves for a combined sinusoidal and Gaussian signal 

(C-FxLMS/F algorithm). 
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Fig. 3.31: Evolution of learning curves for in-situ measurement noise (FxLMS, 

FxLMS/F and C-FxLMS/F algorithm with an optimal parameter). 

3.5 Concluding remarks 

In this study, a DLM with Bayesian inference was adopted as a means of raw 

signal pretreatment in the ANC system. We summarized the major findings of this 

work as follows: 

 This pre-processing system shows a higher convergence speed. A pretreatment 

process combined with the conventional FxLMS algorithm and a new C-

FxLMS/F algorithm was investigated for its applicability to various time-domain 

control algorithms.  

 To enhance the control performance, the cost of the secondary path was 

considered from various aspects in previous literatures, such as secondary path 

estimation and online modeling of the secondary path. In this study, a DLM 

combined Bayesian inference can provide a time-step compensation for utilizing 

the prediction function. The combination of prior information and updated 
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observation leads to an updated fuzzy estimation for the future values. The 

estimation was in some steps dependent on the value of K ahead of the then-

current time, which can reduce the time-delay effects in the control algorithm.  

 The present approach, as a pretreatment process, can be coupled for various ANC 

algorithms. The updating characteristic “forecast-observation-analysis” loop is 

advantageous for the implementation of signal processing for an ANC system. 

This method requires less parameter identification that is an advantage for many 

engineering applications. Besides, it is also suitable for different types of noise 

signals, i.e., (i) Gaussian noise; (ii) sinusoidal and Gaussian noise; and (iii) in-situ 

measurement data, as investigated herein.  

In this work, two case studies are used to provide a feasibility study for the 

preprocessing system in cooperating with ANC system. Noise effects from general 

construction machines are considered herein. Yet, to meet the requirements of widely 

application, various noise signals shall be considered for further improvement. This 

method is still limited to process the impulse/unstable noise signal (e.g., impact noise 

generated from piling driven machines). Due to the sharp and instantaneous properties, 

the impulse noise attenuation is a tricky point and needs to be further investigated in 

the future work. Also, the computational effort would be inevitably increased when 

the Bayesian-based approach is incorporated with ANC system. This problem may be 

fixed by designing an ad-hoc intelligent controller that can reduce the computational 

complexity. Further investigation will also focus on the complexity analysis of 

information inference.  
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CHAPTER 4  

INVESTIGATION OF A DUAL-FUNCTION 

BARRIER FOR NOISE CONTROL 

4.1 Introduction  

Construction noise generated from various powered mechanical equipment is 

mainly dominated by high-intensity noise that can adversely threaten the public health. 

More seriously, the combined noise effects from equipment machines operating  

simultaneously are highly annoying (Lee et al., 2015). Hence, inspiring an innovative 

technology design for noise mitigation is of great interest. Typically, noise barriers or 

acoustic enclosures are often used to surround the sound emission sources in 

construction sites. Critical factors concerning the performance of passive-type sound 

barriers are strongly dependent on material types, structural dimensions, surface 

conditions, and geometric configurations (Morgan and Kay, 2001; Ishizuka and 

Fujiwara, 2004; Samsudin et al., 2016). In general, conventional barrier types made of 

masonry, steel, and concrete materials (EPD, 2003) are hard concurrently to fulfill the 

requirements of functional and aesthetic designs (Hong and Jeon, 2014). 

To design environmentally friendly noise barriers, using low-cost, recyclable and 

lightweight materials is an alternative approach. These examples include wood and 

rubber composite materials that are promising choices for barrier design, because they 

can provide high tensile modulus and mechanical strength (Yang et al., 2003; Zhu et 
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al., 2013; Sim et al., 2014; Buratti et al., 2016; Peng, 2017; Raj et al., 2020). In this 

aspect, Zhao et al. (2010) investigated the use of wood-waste tire rubber composite 

panels for sound-insulated materials by presenting a modified four-microphone 

method, from which the transmission loss (TL) behavior was illustrated and compared 

with two other types of sound barriers. More recently, Thai et al. (2020) studied the 

performance of rubber aerogels that can be extracted from recycling tires for sound 

insulation. Because of the viscoelastic characteristic, wood-rubber composite 

materials can perform an elastic deformation with the movement of rubber molecule 

chains (Zhao et al., 2010), when the macromolecular polymers are subjected to 

alternating stresses (e.g., vibration stress or incident sound wave). It can be 

characterized by a remarkable lag of deformation with the stress change. The 

movement of deformation may overcome the resistance by converting them into heat 

energy and dissipating into environment, thereby resulting in a high-level 

soundproofing capacity. In this study, we attempt to present a comprehensive study of 

acoustic investigation for wood-rubber composites.  

Nevertheless, making use of passive sound barriers (e.g., aluminum, metal, 

timber, acrylic, or vegetation) is not sufficient for the reduction of low-frequency 

components (Nilsson and Berglund, 2006). The major reason is the acoustic 

wavelength of low-frequency noise is significantly longer than the thickness 

dimension of barrier structures, resulting in an inefficient coupling effect. To alleviate 

this issue, acoustic metamaterial structures (Assouar et al., 2016; Iannace et al., 2021) 

have been proposed as a viable solution for low-frequency sound attenuation. As an 

alternative, unwanted sound can be cancelled based on the principle of superposition 

by generating an anti-phase acoustic wave, which is also called an active noise control 

(ANC) technique (Chakravarthy and Kuo, 2006; Kuo and Gireddy, 2007; Lam et al., 

2021). Zhang and Qiu (2017) proposed an active partition which an integrated active 

and passive control modulus for snoring noise attenuation, a fairly good sound level 

reduction of around 1015 dB can be achieved under 5001000 Hz. Murao et al. 



Chapter 4 Investigation of A Dual-function Noise Barrier for Noise Control 

80 

 

(2019) focused on the coupling use of an ANC system and a passive silencer to 

attenuate noise from openable windows. To simulate the attenuation of noise in open 

fields, the integration of sound masking techniques has been evaluated by embedding 

active noise mitigation elements in passive control barriers. Yet, as an active anti-

noise device, conventional electromagnetic speakers with bulky coils and diaphragms 

can cause complex installation problems in a limited space. To overcome this 

technical challenge, polyvinylidene fluoride (PVDF) is a new, smart and thin-film 

material that can exhibit strong piezoelectric (Kawai, 1969) and ferroelectric (Lolla et 

al., 2016) effects. Searching the relevant information on this aspect, Mirshekarloo et 

al. (2016; 2018) examined the performance of transparent thin-film PVDF speakers 

attaching on the surface of a window as the secondary source of an ANC system. This 

ANC approach has also been discussed by theoretical, simulation, and experimental 

studies (Omoto and Fujiwara, 1993; Omoto et al., 1997; Duhamel et al., 1998; Han 

and Qiu, 2007; Liu and Niu, 2008; Chen et al., 2011).  

In this work, we attempt to design a retractable and movable barriers for noise 

mitigation. The recycled composite materials (i.e., waste wood and tyre rubber) are 

inert in nature. Such materials are investigated for the design of a passive noise barrier. 

Compared with synthetic materials, recycle composites can be an alternative for 

satisfying the low-cost and environmental-friendly requirements in the barrier design. 

In addition, we utilize the flexible and lightweight features of PVDF thin-film as an 

anti-noise generator. Integrating composite panels and PVDF thin-film speaker, a 

dual-function barrier is investigated. The wood-rubber panel as a resilient layer 

appears to provide a global sound attenuation at a wideband frequency range, while 

the PVDF thin-film as an auxiliary component can be used for mitigating the peak 

narrowband low-frequency components. To investigate the feasibility of dual-function 

barrier, we implement a scale-down model, and conduct test in a semi-anechoic 

chamber. The rest parts of this chapter are organized as follows: Section 4.2 

characterizes the soundproofing performance of wood-rubber composites. Section 4.3 
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demonstrates the fabrication and frequency response analysis of a PVDF thin-film 

speaker. In Section 4.4, we present the experimental study via a simplified two-

dimensional sound field analysis. The major findings of this work are summarized in 

Section 4.5.  

4.2 Characterization of acoustic properties of wood-rubber 

composites 

4.2.1 Two-microphone method  

The two-microphone method is commonly used for the measurement of acoustic 

properties of materials (Åbom, 1991; ASTM, 2009,2010,2016), which can measure 

the absorption coefficients utilizing an impedance tube. A stable and closed sound 

field is generated inside the tube with two microphones for data acquisition. The 

absorption parameters can thus be determined by transfer functions. A schematic 

diagram of the two-microphone impedance tube is shown in Fig. 4.1. To characterize 

the acoustic absorption behavior of a test sample, the two-microphone method can be 

implemented for direct measurement.  

 

Fig. 4.1: Schematic diagram of two-microphone impedance tube (Bolton et al., 1997). 

In Fig. 4.1, the incident wave (pi) and reflected wave (pr) are the critical 

components of a broadband stationary random signal. Acoustic wave fields in the tube 
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can be characterized by the acoustic pressure p(x) of the incident wave pi(x) and the 

reflected wave pr(x) from the sample: 

( ) ( ) ( ) jkx jkx
i rp x p x p x Ae Be   

 (4.1) 

where A and B are the amplitudes of the acoustic pressures of the incident and 

reflected wave, j is an imaginary component, k is the wave number, and x is the spatial 

variable.  

Regarding the working mechanism, a loudspeaker is installed inside the tube to 

generate one-dimensional acoustic waves traveling inside the tube at normal incidence. 

The incident wave is reflected from the test sample placed at the tube end. Within the 

tube, the occurrence of phase interference may be resulted due to the incident and 

reflected waves, thereby resulting in the formation of a standing wave pattern. If 100% 

of the incident wave can be reflected, the incident and reflected waves have the same 

amplitude, resulting in a zero pressure at the nodes and a maximum pressure 

amplitude at the antinodes. If a portion of the incident wave is absorbed by the sample, 

then the incident and reflected waves have different amplitudes, implying that the 

nonzero of sound pressure at the nodes within the tube. Usually, a standing wave ratio 

is used to reflect the ratio between the maximum pressure (at anti-node position) and 

the minimum pressure (at node position). The reflection factor (R) and absorption 

coefficient (α) can be determined using this standing wave ratio.  

The reflection fact (R) can be expressed as R=B/A, which is equal to the ratio of 

pressure amplitude of the reflected and incident waves. According to the transfer 

functions, the reflection factor can be expressed as follows (Chung and Blaser, 1980b; 

Sim et al., 2014; Labašová and Ďuriš, 2019): 
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 (4.2) 

in which k is the wave number, l is the distance between the position of Mic B (see 

Fig. 4.1) and the front of the sample (in mm), and s is the spacing between the 

microphones (in mm), and j is an imaginary. Hi and Hr can be expressed as 
jkse  and 

jkse , respectively. H1 is the transfer function between the microphone positions from 

Mic A to Mic B, which can be calculated by 1 12 11H S S . S12 denotes the cross 

power spectral density of the signal (from Mic A to Mic B), while S11 denotes the 

auto-spectral density of the signal (from the Mic B). The sound absorption coefficient 

(α) can be obtained as follows (Bolton et al., 1997):  

2
=1 R   (4.3) 

4.2.2 Four-microphone method 

On the basis of the plane wave theory (Chung and Blaser, 1980a), the transfer-

matrix method can be used to compute the transmission loss (TL) of materials. The 

testing material samples are considered as a complex vibration system. Fig. 4.2 shows 

the schematic diagram of a four-microphone impedance tube setup. Test samples are 

placed in the middle of the tube.   
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Fig. 4.2: Transmission loss measurement by impedance tube (B&K, 2007). 

The sound pressure p(x, t) and particle velocity v(x, t) in the up- and down-

stream tube sections can be written as (Pierce and Beyer, 1990; Kinsler, 2000): 
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(4.5) 

where R e{}  means the real part, P(x, ω) is the complex pressure, V(x, ω) is the 

complex particle velocity, A to D represent the complex amplitudes of the plane wave 

components. ρ0 is the fluid density, c is the speed of sound, ω is the angular frequency, 

k is the wave number, k=(ω/c)-jα,which is complex to consider the impact of viscous 

and thermal dissipation. l denotes the thickness of a test sample. The terms 
j te 

 and 

j te 
 are complex exponential representations, which depend on the travelling 

directions, i.e., forward or backward, respectively. It can be interpreted as the phase 

increasing or decreasing with time. The complex sound pressures at the four-
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microphone locations (Mic 1 to Mic 4) can be expressed as: 
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The coefficients A to D in terms of the four measured sound pressures can be 

calculated as follows (Olivieri et al., 2006; B&K, 2007):  
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(4.7) 

A transfer matrix (Pierce and Beyer, 1990; Kinsler, 2000) is thus utilized to relate 

the complex pressure (P) and the complex normal acoustic particle velocities (V) 

which can be expressed by the following equation as follows:  

11 12

21 220 dx x

T TP P

T TV V
 

    
     

      

(4.8) 

where Tij (i, j = 1, 2) are the transfer matrix components that are the ratio of the up-

stream and down-stream quantities (i.e., pressure and velocity) (Song and Bolton, 
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2000). P and V of two faces of the test sample can be obtained by the decomposition 

of sound fields into incident and outgoing plane wave components for both sections:  
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(4.9) 

where 0c is the characteristic impedance in air. With the measurement results from 

the impedance test, the complex pressures at the four microphone positions are 

obtained, therefore, the pressure and velocities can be determined. Utilizing the two-

load method (Munjal, 2014), to solve the four unknowns in Eq. (4.8), T11, T12, T21, and 

T22, two additional equations are formed. In a matrix form, the two independent 

measurements can be expressed as: 

1 2 11 12 1 2

1 2 21 22 1 20 dx x

P P T T P P

V V T T V V
 

     
     

       

(4.10) 

where the subscripts 1 and 2 on the complex pressure (P) and the complex particle 

velocity (V) denote two different termination conditions. One is a reflected 

termination, and the other one is an absorption termination condition. Therefore, the 

transfer matrix elements can be determined as follows (Olivieri et al., 2006; B&K, 

2007):  
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Under certain circumstances, the transfer matrix elements can be simplified. 

When the plane wave reflection and transmission coefficient from two surfaces of a 

test sample are the same, the reciprocal nature of the layer can be considered to 

generate two additional equations, which can reduce a second set of measurements. It 

is also called as the one-load implementation.  

11 22
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(4.12) 
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(4.13) 

Consider the situation of a perfectly anechoic termination, the sample with a 

certain depth, the transmission coefficient (D) (see Eq. 4.7) can be idealized to zero in 

the down-stream tube section. Therefore, we can assume that the incident plane wave 

with a unit amplitude, the sound pressure and particle velocity expressions on the two 

surfaces of the porous layer (see Eq. 4.9) can be further written as (Olivieri et al., 

2006; B&K, 2007): 
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(4.14) 

where Ra=B/A and Ta=C/A are the normal incidence and plane wave reflection, 

respectively. Using the transfer matrix components to represent Ta, we obtain (Olivieri 

et al., 2006; B&K, 2007): 
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(4.15) 

The transmission loss (TL) of a test sample at normal incidence as follows (B&K, 

2007): 

10 2

1
10log

a

TL
T


 

(4.16) 

4.2.3 Samples preparation and experimental setup 

Wood-waste crumbs and tire rubber particles were prepared cylinder samples for 

acoustic material test. The simple fabrication procedures were presented in Fig. 4.3. 

Recycled wood-waste and tire rubber were cut into small crumbs. The composite 
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particles (i.e., wood particles and rubber crumbs) were mixed and bonded by epoxy 

resin. The important factors, which may affect the sound insulation properties (Zhao 

et al., 2010; Ghofrani et al., 2016; Lee et al., 2020), include: (i) the microstructure of 

wood particles, (ii) wood-to-rubber ratio, and (iii) thickness of samples. Two kinds of 

wood particles with different microstructures (i.e., fine wood particle with 12 mm in 

diameter and coarse wood particle with 36 mm in diameter) and rubber crumbs (13 

mm in diameter) were used to prepare various test samples in a cylindrical mold shape 

with different thickness, i.e., 10, 15, 20 and 25 mm. The impedance tube system was 

tested in the in-house semi-anechoic chamber, as shown in Fig. 4.4 (a)–(c). Pure-

wood and pure-rubber specimens were also prepared for control experiments. Fig. 4.5 

shows a total number of 56 samples. Among all specimens, the diameter was set as 98 

mm to fit the internal size of the standard impedance tube (i.e., 100 mm in diameter, 

B&K Type 4206). Tables 4.1 and 4.2 shows the information of all fabricated samples.  

 

Fig. 4.3: Preparation procedures of test samples.  

 

Fig. 4.4: Experimental setup of impedance tube. (a) Semi-anechoic chamber; (b) and 

(c) Impedance tube test system including microphones (Type 2690), amplifier (Type 

2735) and generator module (Type 3160-A-042). 
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Fig. 4.5: Test samples of wood-rubber composite materials.  
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Table 4.1: Configuration and weight of test samples (Group 1) 

Wood/Rubber 
Weight Ratio 

Sample 
No. 

Thickness 
(mm) 

Weight of material 
(g) 

Weight of epoxy resin 
adhesion (g) 

Pure wood 

1 10 21.4 29.1 
2 15 27.8 38.0 
3 20 36.7 49.5 
4 25 44.1 57.1 

2:1 

5 10 25.8 31.1 
6 15 35.3 34.7 
7 20 45.6 50.7 
8 25 58.0 58.6 

1:1 

9-1 10 29.8 34.9 
10-1 15 40.1 42.4 
11-1 20 55.4 47.5 
12-1 25 65.2 54.6 

1:1 

9-2 10 29.9 40.6 
10-2 15 40.9 67.6 
11-2 20 55.1 77.9 
12-2 25 65.6 98.2 

1:2 

13 10 35.0 37.5 
14 15 52.3 52.4 
15 20 65.8 62.8 
16 25 84.1 73.6 

* Test samples were made of coarse wood particles (grain diameter: 3–6 mm).    
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Table 4.2: Configuration and weight of test samples (Group 2) 

Wood-rubber 
weight ratio 

Number 
Thickness 

(mm) 
Weight of dry material 

(g) 
Weight of epoxy resin 

adhesion (g) 

2:1 

17 
10 

27.5 35.0 

18 27.9 35.0 

19 
15 

39.0 50.1 

20 41.7 53.0 

21 
20 

54.9 39.9 

22 54.5 36.2 

23 
25 

70.1 49.0 

24 70.3 41.6 

1.5:1 

25 
10 

28.0 24.1 

26 26.7 23.3 

27 
15 

38.1 30.2 

28 38.0 31.4 

29 
20 

58.2 35.0 

30 55.0 40.3 

31 
25 

68.4 51.6 

32 68.3 50.0 

1:1 

33 
10 

32.0 30.6 

34 30.4 31.1 

35 
15 

44.9 39.9 

36 45.3 38.4 

37 
20 

54.6 47.8 

38 52.6 45.4 

39 
25 

76.6 59.6 

40 77.8 55.0 

Pure wood 

41 
10 

21.2 24.5 

42 21.0 21.6 

43 
15 

33.6 39.2 

44 33.4 38.0 

45 
20 

47.2 57.5 

46 47.5 60.6 

47 
25 

55.7 73.1 

48 55.7 66.6 

Pure rubber 

49 10 62.1 29.1 

50 15 76.9 32.8 

51 20 102.8 43.0 

52 25 115.7 52.2 

* Test samples were made of fine wood particles (grain diameter: 1–2 mm). 
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4.2.4 Soundproofing performance of wood-rubber composites 

4.2.4.1 Absorption coefficient analysis 

Absorption coefficient is used to evaluate the sound absorption efficiency of 

materials. It is regarded as the proportion of absorbed energy to incident energy (see 

Eq. (4.3)). Relevant figures are plotted below to show the acoustic absorption 

performance among test specimens. The variables, i.e., thickness of specimens, ratio 

of wood and rubber particles, and microstructure of wood particles, are considered as 

influencing factors to determine the sound absorption performance. We discuss the 

three factors subsequently. The relationship between the absorption coefficient and the 

sound frequency is studied. Herein, our main focus is to investigate the acoustic 

performance of recycled materials at a frequency range of 0–1600 Hz, because 

powered mechanical equipment normally generates low-frequency noise in this range. 

In Fig. 4.6, four graphs from (a) to (d) correspond to the specimens with 

thickness of 10 mm, 15 mm, 20 mm, and 25 mm, respectively. In each graph, five 

types of samples with different wood-rubber ratios are compared. The proportion on 

the legends in the graphs represent the wood-rubber ration, e.g., (2:1 10 mm) denotes 

2:1 of wood-rubber ratio and 10 mm in thickness. The results illustrate that a better 

acoustic absorption performance is in the case of 2:1 wood-rubber ratio, see graphs (a), 

(b) and (c). The absorption coefficient increases with a higher proportion of wood 

particles in the specimens. In the pure rubber samples, the absorption coefficient is 

relatively low as most of the incident wave would be reflected.   

Figs. 4.7 and 4.8 compare the acoustic characteristics of the test samples with the 

same wood-rubber ratio but different thickness. In Fig. 4.7, referring to graphs (b), (c) 

and (d), with the thickness increasing, the moving trend of peaks is at a low-frequency 

range. In graphs (c) and (d), the wave crests are not salient as the acoustic absorption 

performance is weak with a lower proportion of wood particles. In Fig. 4.8, the 
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acoustic absorption performance is preferable with increasing thickness (see the solid 

lines) (i.e., thickness = 25 mm).  

 

Fig. 4.6: Comparison of the acoustic absorption performance of the test specimens 

with the same thickness but different wood-rubber ratio. (a) Thickness of 10 mm; (b) 

Thickness of 15 mm; (c) Thickness of 20 mm; and (d) Thickness of 25 mm. 
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Fig. 4.7: Comparison of the acoustic absorption performance of the test specimens 

with the same wood-rubber ratio but different thickness: (a) Pure-wood samples; 

(b)Wood-rubber ratio 2:1; (c) Wood-rubber ratio 1:1; and (d) Wood-rubber ratio 1:2. 

(* Specimen numbers are from 1 to 16). 
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Fig. 4.8: Comparison of the acoustic absorption performance of the test specimens 

with the same wood-rubber ratio but different thickness: (a) and (b) wood-rubber ratio 

2:1; (c) and (d) Wood-rubber ratio 1:1; (e) and (f) Wood-rubber ratio 1.5:1; (g) Pure-

wood samples for control experiments; and (h) Pure-rubber samples for control 

experiment. (*Sample numbers are 17–52).  

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
p
tio

n 
C

o
ef

fic
ie

nt

Frequency (Hz)

 17 (2:1 10mm)
 19 (2:1 15mm)
 21 (2:1 20mm)
 23 (2:1 25mm)

(a)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
rp

tio
n 

C
oe

ffi
ci

en
t

Frequency (Hz)

 33 (1:1 10mm)
 35 (1:1 15mm)
 37 (1:1 20mm)
 39 (1:1 25mm)

(c)
0 400 800 1200 1600

0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t

Frequency (Hz)

 34 (1:1 10mm)
 36 (1:1 15mm)
 38 (1:1 20mm)
 40 (1:1 25mm)

(d)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
rp

tio
n 

C
oe

ffi
ci

en
t

Frequency (Hz)

 25 (1.5:1 10mm)
 27 (1.5:1 15mm)
 29 (1.5:1 20mm)
 31 (1.5:1 25mm)

(e)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
rp

tio
n 

C
oe

ffi
ci

en
t

Frequency (Hz)

 41 (pure wood 10mm)
 43 (pure wood 15mm)
 45 (pure wood 20mm)
 47 (pure wood 25mm)

(g)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
b

so
rp

tio
n 

C
oe

ffi
ci

en
t

Frequency (Hz)

 26 (1.5:1 10mm)
 28 (1.5:1 15mm)
 30 (1.5:1 20mm)
 32 (1.5:1 25mm)

(f)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
b
so

rp
tio

n 
C

oe
ffi

ci
en

t

Frequency (Hz)

 49（pure rubber 10mm)
 50（pure rubber 15mm)
 51（pure rubber 20mm)
 52（pure rubber 25mm)

(h)

0 400 800 1200 1600
0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
p
tio

n 
C

o
ef

fic
ie

nt

Frequency (Hz)

 18 (2:1 10mm)
 20 (2:1 15mm)
 22 (2:1 20mm)
 24 (2:1 25mm)

(b)



Chapter 4 Investigation of A Dual-function Noise Barrier for Noise Control 

97 

 

To further investigate the microstructure effect of wood particles, two sets of 

samples are studied by scanning electron microscope (SEM). Fig. 4.9 shows the 

microstructures of two wood particle types (i.e., coarse and fine particles). The 

coarse-wood particles present a stratified structures (see graphs (a) and (b)), while the 

fine-wood particles show porous structures (see graphs (c) and (d)). Fig. 4.10 presents 

the comparison of absorption coefficient for these two type materials. According to 

the results, we observe the acoustic absorption coefficients of the fine-wood-particle 

samples are better than the coarse type (the solid and dash lines represent fine-wood-

particle samples, while the dash-dot line represents coarse-wood-particle samples). It 

implies that porous structure of wood particles can improve ability of sound energy 

dissipation, in particular for high-frequency sound components (Neithalath et al., 

2005; Yang and Sheng, 2017).  

 

Fig. 4.9: SEM images of wood particles: (a) and (b) Microstructure of coarse-wood 

particles (36 mm in diameter); (c) and (d) Microstructure of fine-wood particles (12 

mm in diameter). 
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Fig. 4.10: Absorption coefficient of samples fabricated by different kinds of wood 

particle with 1:1 wood-rubber ratio. (a) Thickness of 10 mm; (b) Thickness of 15 mm; 

(c) Thickness of 20 mm; and (d) Thickness of 25 mm. 

The influence of the amount of epoxy resin usage is presented in Fig. 4.11 and 

Table 4.3. The production processes for the test samples, i.e., thickness and wood-

rubber ratio, are exactly the same, except for the weight amount of epoxy resin. As a 

result, we found that there is no dramatic change between these two data sets. In other 

words, the acoustic absorption coefficient would not be much affected by the amount 

of epoxy resin usage for binding the wood and rubber particles in the test samples.  
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Fig. 4.11: Absorption coefficient of the samples with different amounts of epoxy resin.  

Table 4.3: Comparison of epoxy resin usage in sample fabrication. 

Sample 
No. 

Dosage of 
epoxy resin 

(g) 

Dosage 
increased (%) 

Sample 
No. 

Dosage of 
epoxy resin 

(g) 

Dosage 
increased  (%) 

9-1 34.9 
16.3% 

11-1 47.5 
47.5% 

9-2 40.6 11-2 77.9 
10-1 42.4 

59.4% 
12-1 54.6 

54.6% 
10-2 67.6 12-2 98.2 

4.2.4.2 Transmission loss analysis 

In general, the transmission loss (TL) of materials describes the accumulated 

decrease in the intensity of a waveform energy as a wave propagates outwards from a 

source, or as it propagates through a certain area or through a certain type of structure. 

Mathematically, transmission loss index can be obtained by the four-microphone 

transfer function matrix (see Eq. (4.16)). The larger the transmission loss value is, the 

better the sound insulation characteristics of the samples are. Relevant figures are 

plotted to illustrate the effectiveness of transmission loss among various test samples. 

Noted that the details of samples can be found in Tables 4.1 and 4.2.  

Fig. 4.12 shows a comparison of various samples with the same wood-rubber 
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ratio but different thickness values, while Fig. 4.13 shows a comparison of samples 

with the same thickness but different wood-rubber ratios. The thicker samples 

naturally lead to a higher TL value, resulting in a better sound insulation performance. 

The TL values would increase with sound frequency and reach to the maximum for 

each type at 150, 450, 1100 and 1400 Hz. A general tendency of TL data would go up 

as the thickness of the samples increases. For the wood-rubber composite samples, the 

1:1 ratio samples have a better sound insulation performance with over 10 dB (see Fig. 

4.12(c)). Compared to the pure-rubber samples, the latter one has a peak value of 54 

dB. It implies that larger amount of rubber particles can improve the TL value.  
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Fig. 4.12: Transmission loss of the testing samples with same wood-rubber ratio but 

different thickness. (a) Wood-rubber ratio 2:1; (b) Wood-rubber ratio 1.5:1; (c) 

Wood-rubber ratio 1:1; (d) Pure-wood samples and (e) Pure-rubber samples.  
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Fig. 4.13: Comparison of acoustic transmission loss of various test samples with same 

thickness. (a) Thickness of 10 mm; (b) Thickness of 15 mm; (c) Thickness of 20 mm; 

and (d) Thickness of 25 mm.  
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4.2.4.3 Comparison study of acoustic performance 

In order to compare the innovative solutions with standard materials available on 

the market, a comparison study is presented herein. Fig. 4.14(a) presents acoustic 

absorption values about the sustainable panels, including kenaf fiber specimen (Lim et 

al., 2018), paper-polyethylene specimen (Buratti et al., 2016), wool-paper specimen 

(Buratti et al., 2016), waste paper specimen (Buratti et al., 2016), extruded 

polystyrene panel (Buratti et al., 2016)) and recycled wood-rubber composite sample 

(i.e., thickness 25mm, wood-rubber ratio 2:1 and thickness 25mm, wood-rubber ratio 

1:1). According to the results, the wood-rubber composite samples showed higher 

absorption coefficient in high frequency range (1200–1600 Hz), and the maximum 

value was up to 0.8. It revealed the superior absorption performance of wood-rubber 

materials. Fig. 4.14(b) shows the comparison of transmission loss between the hybrid 

fiber metal laminated panels (i.e., sample MLSP-I and MLSP-II) (Pai et al., 2021) and 

the proposed wood-rubber composite sample (1:1, 25 mm).  

(a)  
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(b)  

Fig. 4.14: Acoustic performance comparison. (a) Absorption coefficient index: including 

kenaf fiber specimen (Lim et al., 2018), paper-polyethylene specimen (Buratti et al., 

2016), wool-paper specimen (Buratti et al., 2016), waste paper specimen (Buratti et 

al., 2016), extruded polystyrene panel (Buratti et al., 2016)) and recycled wood-rubber 

composite sample (i.e., thickness 25mm, wood-rubber ratio 2:1 and thickness 25mm, 

wood-rubber ratio 1:1), and (b) Transmission loss index: including hybrid fiber metal 

laminate panels (MLSP-I and MLSP-II) (Pai et al., 2021) and recycled wood-rubber 

composite samples (i.e., 1:1 and 25 mm). 
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4.3 Characterization of the PVDF thin-film materials 

4.3.1 Fabrication of a PVDF thin-film speaker 

PVDF film materials are considered as a secondary source in ANC system herein. 

Compared to conventional electromagnetic speakers, the former provides higher 

flexibility and transparency at a smaller scale. As a thin-film speaker, it is structurally 

suitable for coupling with the composite panels to form a dual-function barrier. The 

section below outlines the frequency response measurement of a PVDF thin-film 

speaker. The sound pressure of a piezoelectric polymer sheet at a certain distance is 

directly proportional to the applied electric field strength. For a given voltage, the 

thinner the film is, the higher the sound pressure can be generated (Bies, 2018). The 

SPL can be expressed as:  

2
0

1
( )T

sP p t dt
T

   (4.17) 

1020log  (dB)s

ref

P
SPL

P

 
   

 
 (4.18) 

where p(t) is the instantaneous sound pressure, T is the sampling time, Ps is the 

time-averaged pressure determined over a measured time interval T at a certain 

distance from the sound source, and Pref = 20×10–6 Pa. Noted that the SPL value is 

measured by the sound level meter.  

Fig. 4.15 shows the structure of the proposed speaker fabricated with a plastic 

film diaphragm (i.e., PET thin-film) and piezoelectric polymer (i.e., PVDF thin-film). 

Its configuration covers three main parts: a vibrating PVDF diaphragm coated by 

silver ink as electrodes, a PET thin-film and a supporting structure made of acrylic 
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materials. The supporting frame is used to secure the PVDF thin-film. In this study, a 

28-µm thickness PVDF thin-film was used, see Fig. 4.15(b). Silver ink paints were 

coated on the surface of the PVDF thin-film as electrodes. By feeding a voltage 

supply, it can create a mechanical strain to generate sound waves. 

 

Fig. 4.15: (a) Schematic diagram of a PVDF thin-film speaker; and (b) A fabricated 

PVDF thin-film speaker. 

4.3.2 Experimental setup and testing condition 

Fig. 4.16 shows the experimental setup for frequency response measurement. 

Herein, three important factors are identified (Sugimoto et al., 2009; Ohga et al., 

2010), namely (i) the steady-state response (SSR) and harmonic distortion (HD); (ii) 

the SPL responses versus input voltage levels; and (iii) the directivity effect. The 

following are the hardware and software used for acoustic measurement. 

 Laboratory environment: In-house semi-anechoic chamber.  

 Instruments: Microphones (B&K 1/2 in. type 4189), Pre-amplifier (ENDEVCO 

model 4416b), Oscilloscope (Keysight DSOX3014T), Signal generator (Keysight 

33500), High-speed voltage amplifier (NF-HSA 4014); and Sound level meter 

(SVAN 985).  

 Software: SVANPC++. 

 Measurement distance: 1 m.  
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Fig. 4.16: Experimental setup for acoustic response testing of the PVDF thin-film 

speaker. (a) Schematic diagram of setup; (b) and (c) Pictures of microphones and the 

PVDF thin-film speaker position within the semi-anechoic chamber. 

4.3.3 Response analysis of PVDF thin-film speaker 

To obtain the steady-state responses, the output from loudspeakers often suffers 

from linear and non-linear distortions. Linear distortion can be seen as a non-flat 

frequency response and/or a non-flat group delay. Non-linear distortion is mainly due 

to the phenomenon of a non-linear relationship between the “input” and “output” 

signals. To measure these distortion effects, a specific frequency (e.g., fundamental 

frequency) plays a critical role at a particular voltage power level. By sweeping the 

input signals to obtain the fundamental frequency, we can reveal the frequency-

dependent harmonic distortion relationship.  

Harmonic distortion can be expressed in terms of decibel (dB) unit or a 

percentage (Dubois, 1996). Theoretically, the second-order harmonic distortion is 

generally caused by asymmetries in the system. The third-order harmonic distortion is 

generally caused by the “clipping” effect in the system, which can originate from the 

components in in the electronics hardware. Odd-order harmonics can generally result 

in effects with greater severity than even-order harmonics (Morse, 1976; Sugimoto et 

al., 2009). In addition, the severity of these effects at high-order harmonics is 
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generally considered lower than the second- and third-order harmonics. It can be 

considered as reasonably low levels in a well-designed system. Ideally, the lower the 

harmonic distortion is, the perceived sound generates greater clarity and more 

transparency as created from the loudspeaker output. In terms of the frequency range 

division, we consider 30–150 Hz, 150–500 Hz (low-to-mid frequency range) and 

500–5000 Hz (mid-to-high frequency range). Above 5000 Hz, it is regarded as high 

frequencies. The effect of harmonic distortion is generally non-linear in nature, and an 

increase of 10 dB in the test signal typically results in a far greater increase in the 

level of harmonic distortion. In general, large-sized loudspeakers may suffer from less 

harmonic distortion than smaller ones when they are played under the same levels and 

conditions. 

Fig. 4.17 depicts the steady-state response and harmonic distortion of the PVDF 

thin-film speaker. In Fig. 4.17(a), the red line denotes the steady-state response 

corresponding to the driven frequency. As we can essentially consider the acoustic 

performance of PVDF speakers at low and middle frequencies, therefore the steady-

state responses were thus measured in the range of 50–4000 Hz. In Fig. 4.17(b), the 

relationship between the input audio signals (i.e., amplitudes shown in the signal 

generator) and the harmonic distortion levels are presented. Typically, the distortion 

level of the loudspeakers is highly dependent on input signal levels. A frequency of 

input signal levels at 1 kHz was chosen in this study. The red line represents 

steady-state responses SPL by increasing the input signal levels. As PVDF thin-films 

are high-impedance materials, a high input voltage level is required. A higher input 

signal level can contribute to the steady-state response, however the second- and 

third-order harmonic distortion are relatively large. Noted that the applied voltage is 

stepped up to 36 V (peak-to-peak), which was measured by an oscilloscope.  

Fig. 4.18 shows the output SPL with increasing input signal power. With an input 

voltage by audio signal generator (i.e., 4 , 8 and 10 V), the interesting frequency range 
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is from 100 to 1600 Hz. The amplifier gain is similar as aforementioned. A 

polynomial curve fitting is adopted to express the developing trend. Basically, a 

higher driving voltage lead to a flat SPL output at low frequency range. For instance, 

an input voltage of 10 V (i.e., green dotted-line curve) can provide a flat frequency 

response from 400 to 1200 Hz. The results imply that the speaker can be controlled by 

adjusting the input voltage.  

 

Fig. 4.17: (a) Steady-state responses and harmonic distortion of the PVDF thin-film 

speaker; and (b) Relationship between input signals (at 1 kHz) and harmonic 

distortion levels of a PVDF thin-film speaker. 

 

Fig. 4.18: Frequency response curves of a PVDF thin-film speaker. 



Chapter 4 Investigation of A Dual-function Noise Barrier for Noise Control 

110 

 

Directivity is a term used to describe the change of SPL responses of speakers at 

off-axis angles. A wide-directivity speaker can generate a consistent SPL between the 

on-axis and off-axis. However, the SPL output of a narrow directivity speaker is 

substantially different between the on-axis and off-axis. According to the ISO 

standard (ISO, 2010), the directivity of speakers is defined as an angle of coverage of 

the speaker output, which can be used to show the acoustic performance of speakers 

in various directions. For effective noise control, it is desirable in high-quality design 

that a speaker can generate sound fields equally in all directions, such that a uniform 

noise mitigation within a space can be achieved. 

Fig. 4.19 presents directivity measurement of a PVDF film speaker at a 

measurement distance of 1 m. The results show that all of the measured positions are 

Over 50 dB, which reveals a smooth pattern. The symmetry between the upper- and 

lower-bound hemispheres is slightly different. Although the SPLs are higher in the 

lower-bound hemisphere, the directivity curve is almost circular in the whole range 

with a decent directivity. This confirms omnidirectional performance of the proposed 

speaker. 

 

Fig. 4.19: Directivity of PVDF thin-film speaker. 
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4.4 Design and implementation of scale-down model 

4.4.1 Sound field simulation 

A simplified two-dimensional numerical simulation is carried out to show the 

sound fields in the presence of a noise barrier. The present numerical simulation 

results are used to offer some guidelines for the preparation of a scale-down model, 

while the effectiveness of the barrier is further demonstrated via the in-house 

laboratory test. 

Fig. 4.20 shows the general configuration of the numerical model with an air 

domain of 1.8 m (in length) and 0.8 m (in height). A monopole point source is used as 

a sound source. The separation distance (i.e., d1 as shown in Fig. 4.20), which is the 

distance between the point source and the passive noise barrier, is a variable. A 

parametric study is conducted to determine an appropriate barrier position to achieve 

a better shielding effect. The dimensions of the barrier (i.e., the white area in Fig. 4.20) 

are 0.46 m (in height) and 0.025 m (in thickness), respectively.  

The outer domain of the air field (see Fig. 4.20) is a perfect match layer (PML) 

to avoid the reflection of sound fields (Ng, 2019; COMSOL, Ver. 5.4). PML is a 

region to isolate the computational domain from outer interference. It is an additional 

domain which can absorb all the incident wave energy without producing reflection. 

The principle of PML is based on a formulation that can transform the complex 

coordinate to the actual coordinate. Noted that the wave impedance issue is not 

considered during the transformation process (Ng, 2019). For the incident wave 

within the coordinate ξ, the transformation is given by: 

0 0

1
' ( ) (1 )

n

n
sign i    


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
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where L is the scaled width of PML, 0  is the coordinate of the inner PML boundary, 

 is the actual width of PML and n is the scaling exponent for each PML. The 

imaginary coordinate can be seen as a buffer zone, which is to extend the actual width 

of PML during the calculation process. The energy of incident wave would occur 

dissipation within the buffer zone, thereby resulting in little or even no reflection 

wave generated by the outer boundary.  

 

Fig. 4.20: General configuration in the numerical model. 

The Helmholtz equation is then used to compute the SPL distribution in the 

frequency domain under a quiescent background condition (Moffett, 1970; Temkin, 

1994; Blackstock and Atchley, 2001), which is given by:  
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where ρc refers to the density of medium and cc is the speed of sound in a medium, qd 
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denotes the dipole domain source that is zero in this study, Qm is a monopole domain 

source, pt is the total pressure of sound (the total pressure pt includes the acoustic 

variations to the ambient pressure and background pressure), and ω is the angular 

frequency. 

Consider the environment of the semi-anechoic chamber, the boundary 

conditions of air domain are assumed to be non-reflective (Ng, 2019). The ground 

surface is considered as reflective surface. We assume the noise barrier surface is an 

absorptive thin layer backed by a thick one. With reference to the absorption 

coefficient of the composite wood-rubber sample (25-mm thick), we assume the 

normal absorptive coefficient αn=0.25. The governing equation can be expressed as 

(COMSOL, Ver. 5.4): 
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where αn is the normal absorption coefficient, Zi is the acoustic impedance, pt is the 

total pressure of sound, and R is the reflection coefficient. The point source is placed 

to generate sound under various frequencies. The sound intensity to consider the 

monopole amplitude can be expressed by (COMSOL, Ver. 5.4): 
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where dsrc denotes the distance from the source where the sound intensity Irms is 
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specified, and ϕ is the phase of the source, δ(xx0) is the delta function in two 

dimensions, and S is the monopole amplitude. Mesh grids used in this numerical study 

are free triangular shapes. The size of the maximum element is smaller than one fifth 

of the wavelength (i.e., 6.86 mm), while the size of the minimum element was smaller 

than one sixth of wavelength (i.e., 5.72 mm) (Ng, 2019; Won and Choe, 2020; 

COMSOL, Ver. 5.4). Consider the frequency sweeping in the range of 50–10000 Hz, 

the initial amplitude of the monopole source is set as 90 dB as a point source.  

4.4.2 Barrier implementation and measurement setup  

A scale-down model was prepared for the in-house laboratory test. The scale 

ratio was selected at 1:4 as a miniaturized model for the laboratory test. A prototype 

was built in the semi-anechoic chamber to characterize the performance. A 3-by-3 

array frame structure was prepared to form the laminated components (i.e., a wood-

rubber panel with an embedded piezoelectric thin-film) together. Prefabricated and 

demountable components can be used to simplify the assembly procedures. We used a 

metal holding frame to provide sufficient mechanical stiffness as a supporting frame. 

Card slots were predesigned in the holding frame, which can allow the prefabricated 

components to fit the holding frame along the tracks. This setup is similar to modular 

structures for easy manufacturing and installation.  

Fig. 4.21 presents the schematic diagram of the barrier. It is a U-like supporting 

frame with an inserted wood-rubber composite panel and an embedded PVDF thin-

film speaker. Each rectangular wood-rubber panel was prepared as 200 mm (length)  

140 mm (width)  25 mm (thickness). Fig. 4.21(b) shows the assemble structure with 

an overall height of 465mm. Three major procedures to form a dual-function barrier 

included: (i) prefabricating composite panels and PVDF thin-film speakers 

independently; (ii) inserting the recycled composite panels and embedded PVDF 

thin-film into the U-like supporting frame; and (iii) fixing the integrated modulus into 
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the holding frame.  

 

Fig. 4.21: Schematic diagram of dual-function barrier. (a) A U-like supporting frame 

with an inserted wood-rubber composite panel and an embedded PVDF thin-film 

speaker and (b) Schematic diagram of a 3-by-3 array dual-function noise barrier. 

Referring to the relevant standards (ISO, 1997), we conducted a “direct method” 

to measure the SPLs at the monitor position and the receiver positions for both 

“before” and “after” the barrier installation. To simplify the measurement, we 

assumed that the noise barrier can be extended infinitely. Measurements were carried 

out on the wave propagation direction at distances to align along the central axis from 

the loudspeaker. The dependence of the emitted waves with respect to height was 

obtained by varying distance from the sound source and the height of the microphone 

array. Under this testing circumstance, the attenuation magnitude in terms of sound 

pressure level and the cover range of the barrier in terms of distance and height can be 

determined to demonstrate the barrier performance. Utilizing a simplified two-

dimensional profile between distance and height, the shadow zone representing areas 

of sound attenuation can be determined along the central axis from the noise barrier.  

The insertion loss (IL), which can be defined as the difference in SPLs with and 

without the presence of a passive noise barrier, can be expressed as (ISO, 1997; 

Dragonetti et al., 2003; FHWA, 2018,2021): 
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, , , ,( ) ( )IL m A m B r A r BD L L L L     (4.23) 

where Lm,A (“after the barrier installation”) and Lm,B (“before the barrier installation”) 

are the SPLs at the monitor position with and without the barrier, respectively. Lr,A and 

Lr,B are the SPLs at the receiver positions with and without the barrier, respectively. 

Noted that the monitor position was used to assess the uncertainty of measurements.  

Fig. 4.22 presents the experimental setup of the barrier. A loudspeaker was 

performed as a noise source and a microphone array was used for data acquisition. 

The distance between the loudspeaker and the noise barrier was set as d1, while d2 was 

determined as the distance between the noise barrier and the measurement points (see 

Fig. 4.22). A sound field profile was measured along the central line of the noise 

barrier, as shown in Fig. 4.22(b). The microphone array was placed on different 

positions with various distance (d2) along the central line of the barrier for data 

acquisition. The microphone height was ranged specifically from 0.3 to 0.6 m, namely 

channels 1, 2, 3, and 4, respectively. Two microphones were set lower than the barrier 

top (i.e., channels 1 and 2), while two microphones were set higher than the barrier 

wall (i.e., channels 3 and 4). To simulate the situation of an infinite barrier preferably, 

highly absorptive wedge boundaries (i.e., two lines of triangle absorptive wedges as 

shown in Fig. 4.22(c)) were placed along both sides of the noise barrier. This 

arrangement can minimize the effects of reflection disturbance and sound leakage. 

Using highly absorptive wedge boundaries along both sides of the noise barrier also 

can eliminate the effects of various sound-propagation paths.  

To characterize the effectiveness of the barrier, the study of sound field includes 

two parts. To demonstrate the high-frequency noise control (i.e., above 1500 Hz), 

measurement is conducted under two scenarios, namely: (i) without any barrier; and 

(ii) with the passive barrier (i.e., wood-rubber composite panel). Gaussian noise with 

wide-frequency bandwidth and flat power spectrum was considered as sound source. 
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The insertion loss (IL) index can be used to identify the sound insulation performance 

of the passive barrier. To further investigate the feasibility of low-frequency control 

(i.e., 800–1500 Hz), measurement was conducted under three scenarios, namely: (i) 

without any barrier; (ii) with the passive barrier (i.e., wood-rubber composite panel); 

and (iii) with the dual-function barrier (i.e., integrating the wood-rubber composite 

panel and the PVDF thin-film speaker together). Peak and narrowband noise at a 

specific frequency (e.g., a sinusoidal signal) combined with Gaussian noise was 

considered as sound source. Phases of the secondary source were manually tuned 

(Sharifzadeh Mirshekarloo et al., 2018) to optimize the control effect at the 

measurement points.  

 

Fig. 4.22: Experimental setup of scale-down model: (a) and (b) Schematic diagram of 

a scale-down model setup for performance identification of the dual-function noise 

barrier; (c) and (d) A dual-function barrier setup in the semi-anechoic chamber; and (e) 

Acoustic measurement for the scale-down model experiment. 
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4.4.3 Effectiveness of barrier 

4.4.3.1 Sound field analysis  

Rebuilding a realistic scene, the sound generation and diffusion effect can be 

visually observed for analysis. Then, an optimal scheme at the specific context can be 

determined. A two-dimensional acoustic pressure model is presented herein to show 

the effect of the separation distance (i.e., d1) and to visualize the variation of sound 

fields in frequency domain. The displaying position of passive noise barriers may 

affect the diffraction angle of sound waves (EPD, 2003; Sahraei and Ghaemi, 2013), 

thereby decreasing the shielding effects of barrier (EPD, 2003; Fan et al., 2013; 

FHWA, 2018,2021). The separation distance d1 was set in the ranged of 0.1–0.5 m. In 

Fig. 4.23, various SPL profiles versus frequencies obtained at point A are presented 

(as shown in Fig. 4.20), where was 0.5 m from the barrier and 0.3 m from the floor. 

The blue solid line represents the SPLs without a barrier, while the dash lines reveal 

the SPL profiles with the presence of barrier. A noise reduction can be observed as 

shown in the orange shadow region. The reduction can be realized by 10–20 dB.  

 

Fig. 4.23: SPLs at measurement point A with different separation distance (d1). 
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Fig. 4.24 presents the contour plot of sound fields at 1500 Hz with and without a 

passive noise barrier. According to the diffraction theory (Maekawa, 1968), we can 

draw a straight line from the noise source to the top edge of the noise barrier, so called 

straight path. A shadow zone can be formed between the straight path and the ground 

floor, as shown in Fig. 4.24(b).  

 

Fig. 4.24: Numerical simulation of sound fields at 1500 Hz: (a) without a passive 

noise barrier; and (b) with a passive noise barrier.  
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4.4.3.2 SPL measurement results and discussions 

According to the sound field analysis, a scale-down model was implemented to 

measure the SPL difference before and after the barrier installation. The distance 

between the barrier and noise source was set as d1=0.5 m.  

By comparing with the testing results with and without presence of barrier, the 

passive control performance at high-frequency range can be demonstrated. Fig. 4.25 

presents the insertion loss in the presence of the passive barrier with various distances 

between the barrier and measurement points (i.e., d2). The results indicate a 

significant sound insulation performance of passive barrier, especially in the middle- 

and high-frequency range (e.g., above 1500 Hz). A maximum noise attenuation 

occurred at microphone height 0.3m (as shown in blue line) with an insertion loss up 

to 20 dB, which reveals the shielding effects of the passive barrier. For the range less 

than 1000 Hz, the sound reduction was 2–8 dB.  

To further illustrate the sound field distribution, Fig. 4.26 presents the contour 

maps above 2000 Hz for two illustrative cases (i.e., without any barrier and with the 

passive barrier) at the specific measurement range (i.e., 0.3–0.6m in height and 0.5–

1.0m in distance d2). According to the comparison results, a global noise attenuation 

can be achieved in presence of the passive barrier. The maximum SPL reduction can 

be up to 24 dB by displaying a wood-rubber composite barrier. In general, the 

recycled materials (i.e., wood-rubber material) can illustrate fairly good sound 

insulation performance as an absorptive-type passive barrier. 

To further consider low-frequency noise components with peak and narrowband 

characteristics, a piezoelectric thin-film is investigated as an auxiliary part. The SPLs 

measurement was conducted for three illustrative cases (i.e., without any barrier; with 

the passive barrier only; and with the dual-function noise barrier). A narrowband 

sinusoidal wave with gaussian noise was generated for the test. Figs. 4.27–4.30 
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present the variation of SPLs at each measurement point at the frequency range of 

800–1500 Hz. The black line represents the measured SPLs without any barrier 

between the sound source and the receiver. The green line indicates the SPLs with 

displaying passive barrier only. The red line shows the optimal results in the presence 

of the dual-function barrier. Noted that phases of the secondary source were manually 

tuned. The results indicate that an induced anti-noise source (i.e., flexible PVDF thin-

film speaker) is feasible to further reduce SPLs on basis of the passive insulation (up 

to 3–5 dB) at some measurement points. The insertion loss results (i.e., SPLs 

difference) are presented in Figs. 4.31–4.34. The presence of the wood-rubber passive 

barrier is capable of reducing 10 dB or even more at mid- and high- frequency range. 

Enhancive performance can be observed at narrowband frequency range. The limited 

effectiveness at a frequency range of 800–1100 Hz shall be due to the insufficient SPL 

response of thin-film speaker. Yet, due to the interference effect, deviations would 

inevitably occur, resulting in the fluctuation and disturbance of sound field. In general, 

using the ANC method via PVDF thinfilm is only available for narrowband frequency 

and a small-scale point control (e.g., at measurement point with height 30cm and 

distance 50 cm).  

Contour maps are plotted along the centre axis of the barrier, which is to evaluate 

the variation of SPLs in a two-dimensional sound field between the distance and 

height. Two important metrics that can affect the SPLs in sound fields are the 

measuring distance (d2) and frequency. Fig. 4.35 presents the contour maps of SPL 

distribution separately with frequency of 1100–1500 Hz. Three different cases are 

indicated in order from left to right: (i) without any barrier, (ii) with the passive 

barrier only, and (iii) with the dual-function barrier. In general, the reduction of SPLs 

can be achieved above 10 dB using the passive barrier only. Further attenuation of 

3 dB can be observed at some measurement points with assistance of active control, 

but a part of measurement space would be compromised. For example, we can 
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observe a lower SPL at the separation distance of 50 cm in the presence of active 

control, however, the effect of constructive interference occurs at 120 and 130 cm.  

 

Fig. 4.25: Insertion loss with presence of a passive noise barrier (0.1–10 kHz). (a) 

Distance from the barrier 0.5 m; (b) Distance from the barrier 0.6 m; (c) Distance 

from the barrier 0.7 m; (d) Distance from the barrier 0.8 m; (e) Distance from the 

barrier 0.9 m, and (f) Distance from the barrier 1.0 m. 
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Fig. 4.26: Contour profiles of SPL distribution under two cases: (i) without any barrier; 

and (ii) with a passive barrier only at (a) 2000 Hz, (b) 2500 Hz, (c) 3150 Hz, (d) 4000 

Hz, (e) 5000 Hz, (f) 6300 Hz, (g) 8000 Hz, and (h) 10000 Hz.  
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Fig. 4.27: Variation of SPLs at microphone height 0.3 m under three various 

conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 

 

Fig. 4.28: Variation of SPLs microphone height 0.4 m under three various conditions 

at different separation distance between the sound barrier and the microphone: (a) 0.5 

m, (b) 0.7 m, (c) 0.9m, (d) 1.1m, and (e) 1.3 m. 
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Fig. 4.29: Variation of SPLs at microphone height 0.5 m under three various 

conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 

 

Fig. 4.30: Variation of SPLs at microphone height 0.6 m under three various 

conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 
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Fig. 4.31: Variation of insertion loss results at microphone height 0.3 m under three 

various conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 

 

Fig. 4.32: Variation of insertion loss results at microphone height 0.4 m under three 

various conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 
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Fig. 4.33: Variation of insertion loss results at microphone height 0.5 m under three 

various conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 

 

Fig. 4.34: Variation of insertion loss results at microphone height 0.6 m under three 

various conditions at different separation distance between the sound barrier and the 

microphone: (a) 0.5 m, (b) 0.7 m, (c) 0.9 m, (d) 1.1 m, and (e) 1.3 m. 
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Fig. 4.35: Contour profiles of SPL distribution under three cases: (i) without any 

barrier; (ii) with the passive barrier only; and (iii) with the dual-function noise barrier 

at (a) 1100 Hz, (b) 1250 Hz, (c) 1300 Hz, (d) 1400 Hz, and (e) 1500 Hz.  
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4.4.3.3 Overall assessments 

To further demonstrate the overall performance of the proposed barrier, the 

fitting trend diagrams based on the measurement results at high-frequency range (i.e., 

above 2000 Hz) and at low-to-medium frequency range (i.e., 800–1500 Hz) are 

plotted in Fig. 4.36(a) and 4.36(b), respectively. These results illustrate the 

relationship between SPL reductions and two important factors (i.e., frequency and 

measured distance) in the presence of the passive barrier only and the dual-function 

barrier, respectively. It is noted that the measurement microphone height was at 0.3m 

(i.e., channel 1), which can reveal the optimal shielding effect of the proposed barrier. 

In general, the reduction of 5–10 dB can be realized at low-to-medium frequency 

range, while a significant noise reduction can be identified in the high-frequency 

range (i.e., 10–15 dB at 2–10 kHz and above 15dB at 10–20 kHz).  
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Fig. 4.36: Overall assessment results: the SPL reduction profiles (a) at high-frequency 

range; and (b) at low-to-medium frequency range.  

4.5 Concluding remarks 

In this work, a comprehensive assessment for the soundproofing properties of 

wood-rubber composites is presented. As a recycled waste, wood-rubber composites 

are low-cost and environmental-friendly, which provides an alternative in construction 

noise barrier design. In addition, it is with significant sound insulation performance 

(high absorption coefficient and transmission loss index). The thin-film piezoelectric 

material, PVDF, is considered as an auxiliary part to mitigate the peak narrowband 

low-frequency noise component. An acoustic response study about the thin-film 

speakers is illustrated. By integrating the composite panel and thin-film layer, a 

laminated barrier configuration is studied and examined as a dual-function barrier. 

The major findings of this composite barrier are summarized as below:   

 The soundproofing performance of the wood-rubber samples is mainly 

dominated by two parameters including thickness and wood-rubber ratio. With 

increasing thickness, the absorption coefficient and transmission loss increase 
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accordingly. A higher wood proportion leads to a higher absorption coefficient, 

while a higher rubber proportion can be beneficial to the transmission loss.  

 The flexible and lightweight piezoelectric film shows potential as an sound-

generation device to couple with passive-type barriers. Through the radiation 

measurements, it shows flat response above medium frequency range, which is 

an alternative for sound generation. Further modification is focused on the 

reduction of harmonic distortion in low-frequency range.  

 By implementing a scale-down model, the effectiveness of proposed barrier 

reveals good performance in noise attenuation. The highest insertion loss (IL) 

value can fetch up to 20 dB. The reduction of 5–10 dB can be realized at low-to-

medium frequency range, while 10–15 dB can be identified at high-frequency 

range.  

Although an in-situ measurement of the proposed barrier is not presented, the 

new configuration of a laminated structure by combining recycled composites and 

piezoelectric thin-film shows potential application as a detachable design. Yet, the 

arrangement of multiple control sources is still absence, which directly restricts the 

final performance of active control. The size of quiet zone created by the control 

system is relied on the synergetic effects between the primary source, secondary 

source, and sensors. The global attenuation is still restricted in ANC method, and 

inevitable interference effects occur. The active control approach is limited at some 

measurement points, then the passive control is still dominant and inimitable in this 

work. A refined study will continuously focus on the development of piezoelectric 

thin-film speakers and their optimization (e.g., reduce the harmonic distortion effect). 

Furthermore, the implementation of digital signal processing platform and multiple 

control sources will be considered to enhance the active control efficiency.  
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CHAPTER 5  

ACOUSTIC-MANIPULATED DEVICE TO 

ENHANCE FILTRATION REMOVAL OF 

SUB-MICRON PARTICLES 

5.1 Introduction 

Indoor air quality is a crucial issue that deserves greater concern, particularly 

because public awareness of pollution is dramatically changing people’s views 

towards their health. Heating, ventilation, and air conditioning (HVAC) systems have 

been proposed to maintain a healthy environment in commercial offices and hospital 

wards not only by providing thermal comfort to the occupants but also by improving 

resistance to infection (Qian et al., 2006; Sha and Qi, 2020). Viruses can spread 

through the air on dust, fibers, and other microscopic particles because air is the 

primary carrier of contaminants and airborne particulates in buildings (Li et al., 2007; 

Khankari, 2016), as shown in Fig. 5.1. Epidemiological evidence has shown that a 

good ventilation practice is recognized as a means of reducing the possibility of 

airborne viral transmission in confined indoor spaces and associating with the 

decreased risk of viral infection transmission (Morawska et al., 2020; Qian et al., 

2021). Hence, the development of advanced technologies to improve ventilation and 

filtration needs is of great research interest.  
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Fig. 5.1: A typical schematic diagram of HVAC system in commercial building 

(Zheng et al., 2021).  

Low-grade filters (e.g., minimum efficiency rating value (MERV) of 6–9) are 

generally installed inside air ventilation ductworks. However, they are not effective 

for capturing fine or ultrafine particles at a sub-micrometer scale. The use of high-

efficiency particulate air (HEPA) filters is a promising way to achieve better capturing 

efficiency, however this inevitably reduces the maximum airflow rate, which must be 

offset by greater extraction fan power in a ventilation system. HEPA filters must also 
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be replaced frequently, as they become ineffective beyond their lifetime to result in a 

polluted environment. The capital and replacement costs of HEPA filters are thus 

higher. Hence, there is a need for an innovative device not only to effectively remove 

fine particles from indoor air, and also to meet long-term sustainability targets 

(Manisalidis et al., 2020) and environmental regulations (Veeck, 2008).  

Acoustic trapping is an active but contact-free manipulation technique under 

research of capturing particles (e.g., aerosols, dust, and hazardous objects) in a fluid 

flow (Brandt, 2001; Evander and Laurell, 2012). By achieving a standing wave field, 

fine particles can be forced to reside and trapped into a specific zone/region, which 

can enhance a filtering function. Furthermore, as particulates accumulate, the use of 

acoustic pressure prompts these particulates to form larger structures by collision and 

adhere them together, i.e., acoustic agglomeration.  

Both theoretical studies (Riera-Franco de Sarabia and Gallego-Juárez, 1986; 

Temkin, 1994; Hoffmann, 2000; Liu and Li, 2020) and independent experiments 

(Clair, 1949; Mednikov, 1965; Ng et al., 2017) have been examined. These studies 

showed that acoustic agglomeration can be achieved by sound pressure fields, via 

acoustic streaming and acoustic radiation force. Reports in the literature for 

simulating the acoustic manipulation of airborne particles have been investigated by 

Fu et al. (2015) and Lei et al. (2013) on a Rayleigh streaming flow under an acoustic 

radiation force. Yuen et al. (2014, 2016) also experimentally investigated the removal 

filtration efficiency for removing aerosols between 0.3 to 6 µm sizes using a 100W 

power transducer, which removed 1220% at 90 L/min. Further, they explained that 

the removal efficiency is proportional to the duration that the aerosols exposed to the 

acoustic fields, while maintaining a negligible pressure drop, thus minimizing power 

consumption. They also studied an acoustic streaming effect, which induces aerosol 

depositions through a hanging plate platform type ultrasonic transducer oscillating at 

19 kHz vertically under a 44W power. Aerosols that aggregate into 6-µm diameter 
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particles can experience strong acoustic radiation force against drag and gravitational 

forces (Yuen et al., 2017). 

In practice, 15–30% of the energy consumption would be generally applied to air 

distribution by mechanical-driven fans to overcome pressure drop in ventilation ducts 

and across filters in building systems (Ng et al., 2017). According to the feasibility 

studies as aforementioned, a combination of acoustic-driven pre-filtering techniques 

and commercial coarse filters should be a promising way to enhance filtration 

efficiency and simultaneously maintain a relatively unobstructed flow condition. Yet, 

most of investigations demonstrate significant achievements under high SPLs (i.e., 

130–140 dB, see (Ng et al., 2017) and the references therein). The problem of high 

SPLs is a potential barrier to restrict the application of acoustic-driven techniques in 

actual building scenes. Hence, a further study and notable breakthrough, to improve 

the removal efficiency of airborne fine particles (especially for sub-micron particles) 

under lower SPLs, is of current focus.  

Using the concept of “acoustic trapping”, we develop a simple U-shaped device 

(i.e., double resonant acoustic chambers) that can work at lower SPLs to enhance the 

filtration efficiency of low-grade filters in submicron particles. This technique is 

based on a unique airflow configuration (i.e., fluid flows in the device are in parallel, 

but sound waves are in opposite directions) in a ventilation duct. In this study, we 

attempt to introduce an overall understanding of the acoustic effects exerting on 

particles. A working principle about acoustic radiation force and secondary radiation 

force is explained in Section 5.2. To offer some design guidelines for the preparation 

and fabrication of experimental work, we conduct a simplified numerical analysis 

using the commercial software COMSOL Multiphysics®. Relevant discussion and 

experimental results are presented in Section 5.3. In the experimental part, a testing 

prototype is assembled to examine the filtration efficiency of sub-micron particles in 

the presence of acoustic wave. We also show that a higher filtration efficiency can be 
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achieved as the acoustic-driven technique is used along with a commercial MERV-

grade filter. We discuss how the PM filtration can be achieved by the acoustic-based 

pre-filter. To further illustrate the acoustic effect on the fine particles within the 

acoustic-driven device, the microscopic observation is used to show the particle 

precipitations at the bottom of resonant acoustic chambers. A conclusion of major 

finding is presented in Section 5.4.  

5.2 Theoretical analysis and experimental studies 

5.2.1 Working principle 

To understand the operating principles of acoustic-driven techniques, the basis of 

acoustic-particle interactions is briefly reviewed in this section. Using such techniques, 

it is generally achieved by the creation of a one-dimensional standing wave field in a 

medium, which can create differential pressure regions. Due to the pressure gradient, 

moving particles can be trapped at pressure nodes, where can strengthen the 

microscopic interaction of particles.  

5.2.1.1 Configuration of acoustic-manipulated device 

Fig. 5.2 shows two schematic diagrams of acoustic-driven configurations. Fig. 

5.2(a) is a common design of high intensity acoustic-based particle treatments with a 

loudspeaker mounted at the top of a ventilation duct. Particles within the airflow 

appear to coincide with the flow fields. This case requires a high-intensity acoustic 

energy to force the particles gathering, as the moving direction of such particles is 

perpendicular to acoustic waves (Qiao et al., 2015; Yuen et al., 2016; Qiao et al., 2017; 

Shi et al., 2017; Yuen et al., 2017). However, in this configuration, the acoustic energy 

is dispersed in the whole ventilation duct, as no physical boundary is present to 

concentrate the emitted sound waves.  
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We propose a novel configuration as shown in Fig. 5.2(b). A confined chamber to 

facilitate particle trapping is designed, in which acoustic waves emitted from a 

loudspeaker is in an opposite direction against an incoming airflow. The present 

acoustic resonant chamber with incoming airflow enables a better utilization of sound 

energy, which can be verified via the numerical simulation of particle trajectories in 

Section 5.2.2. The resonant acoustic chamber forms a one-dimensional standing wave 

to create acoustic pressure nodes at a specific region. This forces the sound waves 

propagating in one dimension, and thus effectively minimizes the spread of sound 

waves from the loudspeaker source. Airborne particles moving inside the resonance 

tube can be captured by the pressure nodes by using the full extent of the enclosure 

without dispersing the sound pressure fields. The above two design approaches 

illustrate how different geometries and speaker locations can affect the residence time 

effect of airborne particles under sound pressure fields. In the present design 

configuration, the emitted sound waves are confined and reflected off the hard 

boundary walls of the chamber. It is thus favorable to induce a trapping region at 

lower SPLs to enhance utilization of sound energy for particle treatment as a pre-

filtering technique. 

 

Fig. 5.2: Illustration of aerosol particulate transport under the acoustic effects: (a) A 

loudspeaker is mounted at the top of a ventilation duct (Ng et al., 2017); and (b) A 

loudspeaker is mounted at the sidewall of a ventilation duct. 
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Consider a closed tube, the acoustic frequency can be calculated as follows (Qiao 

et al., 2015,2017): 

,      1, 2,3...
2

mc
f m

L
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(5.1) 

Acoustic pressure (i.e., the force of sound exerting on a surface area) is the main 

quantity to characterize acoustic fields. In this study, the acoustic pressure model is 

simplified as a two-dimensional (2D) acoustic enclosure driven at a constant 

frequency and same phase. To determine the effect of acoustic intensity, we define 

“SPL” as the following standard logarithmic form:  
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 (5.2) 

where Prms is the root-mean-square sound pressure and Pref is the reference sound 

pressure (= 20×10–6 Pa). 

5.2.1.2 Acoustic radiation force 

The first process in particle manipulation with sound is an orthokinetic process 

(Ng et al., 2017), which is the acoustic radiation force (or referred as the primary 

radiation force) acting on a particle under a sound pressure field (Yasui, 2011). As the 

size of particles is much smaller than the wavelength of acoustic wave (Foresti et al., 

2012), the acoustic radiation force Fa acting on a small particle can be expressed as 

(Gor'kov, 1962; Qiao et al., 2015): 

3 2 2 2
1 2(4 / 3) / (4 ) 3 / 8a A p p p AF R P c v           (5.3) 
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where R is the equivalent radius of small spherical particles; PA and vA are the sound 

pressure amplitude and the velocity amplitude in acoustic standing waves, 

respectively; ϕ1 and ϕ2 are the acoustic contrast factors; ρp and cp are the density and 

velocity of the particle, respectively; and ρ0 and c0 are the density and speed of sound 

in the carrier medium, respectively. The Gor’kov equations are applicable to sound 

pressure fields where a standing wave is sustained (Gor'kov, 1962), but not to the 

scenarios involving traveling waves.  

Under a steady-state condition, particles within a carrier medium (typically air) 

are influenced by acoustic waves, they can be gathered in sound pressure nodes and 

anti-nodes (Qiao et al., 2015). Greenhall et al. (2013) used a modified acoustic 

contrast factor Ф to replace the original acoustic contrast factors ϕ1 and ϕ2, which can 

be used to identify the attraction of particles at the pressure nodes or anti-nodes. The 

acoustic contrast factor () is given by (Karpul et al., 2010; Greenhall et al., 2013):  
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 (5.4) 

where  21/p p pc   and  2
0 0 01 / c   represent the compressibility of the particles 

and the air carrier medium, respectively. If Ф > 0, particles are driven to the nearest 

pressure nodes, and if Ф < 0, particles are driven to the nearest pressure anti-nodes 

(Karpul et al., 2010; Greenhall et al., 2013; Qiao et al., 2015). The acoustic contrast 

factor may be utilized for further analysis of the acoustic radiation force, which 
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generally creates traction on particles within a sound pressure field (Haake and Dual, 

2002; Habibi et al., 2017). Particles may reside in an acoustic pressure antinode with a 

spatial location where may effectively reduce the particles’ velocity as the pressure is 

maintained.  

5.2.1.3 Secondary radiation force 

The second process in particle manipulation with sound involves an aerodynamic 

mechanism (González et al., 2003), which describes collisions due to viscous 

interactions between particles and the carrier medium (air). Specifically, this 

mechanism describes the relationship between the angular velocity of two particles 

that may collide within the anti-nodal and nodal locations (Saeidi et al., 2020). This 

interaction is expressed as follows, which is also called as the secondary radiation 

force (Weiser et al., 1984; Benes et al., 2001; Laurell et al., 2007; Ahn et al., 2015; 

Qiao et al., 2017):  
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(5.5) 

and the general form of the sound pressure ps(x) (i.e., the superposition of the forward 

(incident) and backward (reflected) sinusoidal waves) is (Qiao et al., 2017) 
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 (5.6) 

where Fs consists of a particle velocity term and a sound pressure term to represent the 

particle’s trajectory, θ is the angle between the angular velocity from the center of two 

particles and the propagation direction of an acoustic wave, d is the distance between 

particles,  pv x  is the velocity of particles, ω is the angular velocity of the air carrier 
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medium, pi is the sound pressure amplitude of the incident wave, pr is the sound 

pressure amplitude of the reflected wave, x is a spatial variable, and t is a temporal 

variable. The effect of the secondary radiation force on a particle entering within the 

sound pressure field relates to the magnitude of Fs, especially its polarity (represented 

by a positive or negative number) (Benes et al., 2001). If Fs is negative, the 

interaction between two particles is considered to be attractive, which will promote 

particle coagulation via a collision process. However, if Fs is positive, the interaction 

between two particles is repulsive, and thus separation will likely occur as their 

respective numerical vectors diverge in the localized sound pressure field (Weiser et 

al., 1984).  

5.2.2 Numerical modeling 

Studies of the mechanisms of acoustic-particle interaction have been identified 

by numerical methods. For example, Zhang et al. (2018a) investigated a three-

dimensional discrete element model of the acoustic agglomeration of sprayed aerosol 

droplets that considered orthokinetic interaction, the acoustic wake effect, gravity 

force, and the Brownian random force. Liu and Li (2020) implemented a parallel 

computing strategy, including acoustic particle interaction mechanisms and a particle 

collision process, to predict the trapping rate under various influencing factors. To 

provide a theoretical understanding, 2D simplified numerical models (i.e. acoustic 

pressure model, turbulence model) are utilized to illustrate the flow pattern and sound 

pressure profile within the ventilation duct via a finite element method.  

5.2.2.1 Governing equations of continuous airflow 

Consider the Reynolds-averaged NavierStokes (RANS) equations, it is utilized 

for the present numerical simulation (Wilcox, 2000; Alfonsi, 2009). Using tensor 

notations, the RANS equations are expressed by (Alfonsi, 2009) 
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where iu  is the mean flow velocity, p  is the mean pressure of a fluid flow,  is the 

fluid kinematic viscosity, and 
i j  is the Reynolds-stress term. As we mainly focus on 

the flow patterns and acoustic effects inside the U-shaped device, the boundary 

conditions of the ventilation duct model are set as a velocity inlet and an arbitrary 

outlet for numerical analysis.  

In addition, a standard k-ε turbulence model (Shi et al., 2020) can be used to 

calculate the dynamic viscosity, i.e., 2 /T C k    where k denotes the turbulent 

kinetic energy, and ε denotes the turbulent dissipation rate, and Cμ is a constant (= 

0.09). The transport equations of this model, in a simple form, can be written as 

follows (Rodi, 2017; Shi et al., 2020) 
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(5.10) 

where u is the average flow velocity, 0 is the fluid density, 0 is the fluid viscosity, 

and Pk is the production term. In the above equations, the non-dimensional constants 

Cε1, Cε2, σk and σε can be set as 1.44, 1.92, 1.0, and 1.3, respectively. Readers may refer 

to Refs. (Wilcox, 2000; Alfonsi, 2009; Shi et al., 2020) for details.  
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5.2.2.2 Governing equation of acoustic pressure field 

The acoustic field can be described by one variable, the pressure p, and is 

governed by the following wave equation (COMSOL, Ver 5.4): 

2 2
2

2 2
0

p p
c

t x

 
 

 
 (5.11) 

where t is time, and c is the speed of sound. The wave equation can be solved into 

harmonic components via Fourier series. The wave equation can be solved in the 

frequency domain for one frequency at a time. A harmonic solution has the form 

 , ( ) i tp x t p x e . Using the assumption for the pressure field, the time-dependent 

wave equation can be expressed by the Helmholtz equation (Shi et al. 2020): 
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 
 (5.12) 

where ρ0 is the density of the fluid, pt is the total pressure, ω is the angular frequency, 

qd and Qm denote dipole and monopole domain sources, respectively. 

5.2.2.3 Dynamic motion of particles under fluid flow 

To simplify the numerical model as a 2D model in Fig. 5.2, the motion of 

particles is investigated with the turbulence model and acoustic model separately. In 

the turbulence model, we mainly discuss the motion of particles that is affected by a 

continuous airflow (see Eqs. (5.7) – (5.10)). The acoustic effect acting on the released 

particles is induced by the acoustic radiation force, (see Eq. (5.3)). According to 

Newton’s second law, the motion of particles can be written as (Kim and Zydney, 

2004; Shi et al., 2020)  

   p a g d

d
m v F F F

dt
    (5.13) 
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where mp denotes the particle mass, v denotes the particle velocity, Fg is the 

gravitational force, and Fd is the drag force. In the equation, Fa is the acoustic 

radiation force acting on the released particles. The drag force with Ossen’s correction 

(Oseen, 1910; Shi et al., 2020) can be expressed as follows:  

 1

8d d pF C S u v u v  
,  
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1 Re
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U d

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(5.14) 

where Cd is the drag coefficient, Rer is the relative Reynolds number, Ur is the relative 

velocity between airflow and particle, ρ0 is the fluid density, dp is the particle diameter, 

ρp is the density of particles, μ0 is the fluid viscosity, and S denotes the projection area 

of the particle perpendicular to the direction of propagation of acoustic waves.  

As the dynamic behavior of particles under the action of flow fields and the 

effect of acoustic radiation force is quite complex, we assume that: (i) the air medium 

is incompressible; (ii) the air temperature is constant; (iii) the attenuation of acoustic 

waves in air is ignored; (iii) the flow is assumed lossless and adiabatic; and (iv) the 

particle size is much smaller than the wavelength of acoustic waves. In the numerical 

analysis, a freeze-wall boundary condition (Shi et al., 2020) is adopted for the U-

shaped enclosure, it implies that moving particles would be frozen to have an 

unchanged position and velocity once they collide the chamber wall surface.  

5.2.3 Device fabrication and experimental setup 

5.2.3.1 Filtration efficiency measurement to determine the effectiveness of U-shaped 
acoustic-driven device 

To investigate the synergetic effect of particle trapping in the U-shaped design 

configuration under acoustic and flow fields, we fabricated a prototype to measure the 

particle concentration with and without an acoustic force, as shown in Fig. 5.3. We 
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also designed a ventilation duct model coupled by the U-shaped acoustic-driven 

device for experimental studies, see Figs. 5.3(d) and 5.3(c). In this section, we 

describe the fabrication procedures of the experimental setup to demonstrate and 

validate the performance of the proposed acoustic-driven device. In this design, we 

fabricated two acoustic resonance chambers by partitioning a cubic transparent acrylic 

material into two rectangular sections. Two circular sections were cut out of the tube 

walls in the resonant chambers, and two loudspeakers (TANBX, TB-412, 4-inch 

coaxial audio loudspeaker) were embedded into the circular holes. Stainless-steel 

sound reflectors were deployed in the opposite direction of the loudspeakers, as 

shown in Fig. 5.3(b). The loudspeakers were operated at the same frequency, and the 

occurrence of interference effects can be minimized due to the presence of interior 

wall. In addition, appropriate sealant materials were applied to the acoustic chambers 

to minimize sound leakage. Small open gaps are used to allow the airflow to pass. A 

full experimental prototype was constructed to investigate the acoustic effects under 

various ventilation scenarios, as shown in Figs. 5.3(d) and 5.3(e). PM generated by an 

aerosol generator can be released into the duct, and the particles are allowed to flow 

into the chamber inlet and through the device to undergo a trapping process. A power 

supply was connected to the electrical equipment (i.e., power fan, loudspeakers, 

aerosol generator, and particle size analyzer).  

According to the experimental setup, we conducted experiment without a MERV 

filter to analyze the performance of the acoustic-driven device as a pre-filter, and then 

tested the performance of the setup in combination with a commercial MERV-6-

graded filter (PureFit, Pleated Filter MERV 6 Furnace Filter). The filtration 

performance was measured by generating PM aerosols with a particle generator (TSI, 

Model 8026) using a sodium chloride (NaCl) source. The diameters of sprayed 

particles range from 0.01 μm to 1.0 μm (GRIMM series 5400), as shown in Fig. 5.4. 

According to the comprehensive review aforementioned, the diameter of indoor house 

dust mite allergens is mainly at the range of 0.1–10 μm. Larger particles can be easily 
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captured by a low-grade filter, but finer particles (0.1–1.0 μm) are often difficult for 

removal. The concentration versus particle distribution profile was measured with a 

particle counter (METONE, BT-620, operating flow rate 1.0 cfm) between 108 and 

116 dB. The maximum operating SPL was 116 dB. Airflow was induced with an 

extraction fan (APC-10, diameter 100 mm, 2800 r/min, 150 m3/h) at the tube end, and 

the fan speed was controlled (between 0.45 and 0.75 m/s) by a controllable frequency 

inverter circuit. An airflow meter probe (Testo, Model 435-4) was used to measure the 

air velocity at room temperature.  

To optimize the filtration efficiency, we analyzed the filtration performance by 

examining three important parameters. We examined the loudspeaker-operating 

frequency, the applied SPL (in dB), and the airflow rate of the ventilation tube under 

various particle sizes (i.e., 0.3–10 μm) (Ng et al., 2017). The efficiency with which a 

filter removes particles from an airflow represents its effectiveness in reducing the 

particle concentration within the airflow. Therefore, a removal coefficient that also 

represents the filtration efficiency () is expressed by the following equation (Qiao et 

al., 2015,2017): 

 

1 2
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100%
C C

C


 
  
   

(5.15) 

where C1 represents the particle concentration in the absence of the acoustic effect, 

and C2 represents the particle concentration in the presence of acoustic effect. This 

equation can be used to determine the overall performance of the device. 
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Fig. 5.3: (a) Schematic diagram (top view) of the U-shaped acoustic-driven device; (b) 

Photo of the fabricated acoustic-driven device (top view); (c) Schematic diagram of a 

ventilation duct with the U-shaped acoustic-driven device (top view); (d) 

Experimental setup (side view) of a ventilation tube with the U-shaped acoustic-

driven device; (e) Experimental setup (top view) comprises of an aerosol source, a 

trapping zone, a MERV commercial filter (PureFit, Pleated Filter MERV 6 Furnace 

Filter) and a power fan. 
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Fig. 5.4: Measured distribution of sprayed particles from aerosol generator. 

5.2.3.2 Microscopic observation of particles precipitation at the bottom of acoustic-
driven device 

Adhesive force plays an important role in the process of particle aggregation 

(Chang et al., 2017), such as acoustic radiation force (Boulaud et al., 1984; Zhou et al., 

2015), London-van der Waals force (Park et al., 1999; Peng et al., 2010), liquid bridge 

force (Zhang et al., 2018a; Kim and Lee, 2020), etc. When two particles are in a very 

short distance relative to their dimensions, the London-van der Waals force can act as 

an attractive force to cohere particles (Chang et al., 2017), which the London-van der 

Waals force is from 1109 to 1107 N at a particle diameter of 0.01–10 μm. When 

two particles tend to collide (assuming the particle diameter distribution of 0.006–10 

μm), the distance between the particles is about 4104 μm (Kulkarni et al., 2011; 

Marshall and Li, 2014). In addition to the aforementioned adhesive forces, turbulent 

agglomeration is another promising way to improve fine particles interaction. The 

vortexes in the turbulent field can reduce the Stoke number (Stk) (a variable to 

determine the motion of a particle in turbulent flow) and the relative velocity of 

particles, which cause a significant agglomeration effect for fine particles (Chen et al., 
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2019; Sun et al., 2020).  

Directly observations of the microscopic morphology of particles can deepen and 

aid understanding the acoustic effect on particles interaction. Lu et al. (2019) utilized 

a high-speed camera system to capture the position of fly-ash particles per 1/20,000 

second. According to the captures, the average velocities of particles can be estimated 

through measuring the changes of distance between two adjacent images. However, a 

direct observation for the morphology of particles within a sound field is still difficult 

because it relies on the high-resolution of instruments. As a compromise to visualize 

the acoustic-particle effect in a microscopic way, Qiao et al. (2015,2017), who 

proposed two acoustic-driven devices for acoustic agglomeration, observed the 

particle sedimentations at the bottom of the acoustic resonant chambers. The particle 

precipitations appear to be stripe shapes and gather near to the position of pressure 

nodes. Besides, Liu et al. (2009a) used a sticky square film (i.e., 0.5 0.5 cm ) to 

collect the particles deposited at the bottom of the vertical agglomeration chamber. 

Using scanning electronic microscope, most of the aggregates have one or several 

coarse particles as cores to adhere many finer ones. Therefore, one aggregate can 

consist of a certain number of fine particles.  

In this work, the U-shaped acoustic-driven device is supposed to trap and affect 

the particles’ movement. Due to the acoustic-particle interaction, particles in the 

acoustic-driven device may occur collision and adhesion, thereby resulting in some 

sedimentations at the bottom. To observe the morphology of particle precipitations, a 

simple sampling method is described herein. The morphology images can be shown 

via SEM images, which allows to further understand acoustic effects on particles.  

Fig. 5.5 shows the proposed sampling method. Thin aluminium sheets were cut 

into 10-by-10-mm squares to collect the particle precipitations at the bottom of the 

acoustic-driven device. Each small sample sheet was dipped into ethanol solution for 
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cleaning, following by deionized water rinse. The sample sheets were attached on a 

polytetrafluoroethylene (PTFE) thin-film, see Fig. 5.5(b), then the PTFE thin-film was 

placed at the bottom of the acoustic resonant chamber as shown in Fig. 5.5(c). The 

aluminium sheets were marked and numbered by L1–L7 as row numbers and C1–C3 

as column numbers.  

Spray particles were continuously injected into the acoustic-driven device. An 

optimal loudspeaker-operating frequency (i.e., 836 Hz) was used to form a standing 

wave field. Thus, a pressure node was formed in the center of the resonant chamber 

(at the position of 10 cm). The overall operating time of incident sound wave was 

about 30 min. The sampling process was repeated for sufficient specimens. The 

collected sample sheets were divided into three groups according to their testing 

conditions, i.e., (i) sample sheets cleaned by ethanol as a control group; sample sheets 

placed at the bottom of the device: (ii) with spray particles but in the absence of 

acoustic effect; and (iii) with spray particles in the presence of an acoustic effect. 

Noted that the sample sheets were placed in sealed petri dishes to avoid contamination 

before and after sampling. Comparative analysis was thereby conducted between the 

sample sheets in three groups. For instance, two collected specimens in the same 

position (e.g., L5C2) but with different testing conditions (e.g., with and without 

acoustic effect) were used for comparison.  
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Fig. 5.5: (a) Preparation of a sample sheet (10-by-10-mm square sample sheet); (b) 

Attaching the sample sheets on a PTFE thin-film; and (c) Placing the PTFE thin-film 

at the bottom of the acoustic-driven device. 

5.3 Results and discussion 

5.3.1 Numerical analysis  

According to the schematic diagrams of acoustic-driven configurations (see Fig. 

5.2), the common design is mounted a loudspeaker at the top of a ventilation duct (as 

shown in Fig. 5.2(a)) (Ng et al., 2017). To achieve an acoustic-based particulates 

manipulation under lower SPLs, we propose a novel configuration based on Fig. 5.2(b) 

for particulates treatment. To provide the relevant numerical analysis about these two 

different configurations, two case studies are presented in subsequent sections, i.e., (i) 

a loudspeaker mounted at the top of ventilation duct, and (ii) a combined resonant 

chamber with loudspeaker mounted at the side wall. Using numerical analysis, we can 

obtain the preliminary understanding about the sound standing wave field distribution, 

flow pattern of turbulence field and the underlying conditions which may affect the 
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moving trajectories of particles. 

5.3.1.1 Case Ⅰ: Loudspeaker mounted at the top of ventilation duct 

We investigate acoustic behavior in a 2D ventilation duct model with a length of 

120 cm. The schematic diagram is shown as Fig. 5.6, which illustrates a cross-

sectional diagram of a typical ventilation system with the loudspeaker considered as 

an acoustic emitter. The diagram illustrates the airflow direction originating from an 

inlet to an outlet via an acoustic radiation region (Ng et al., 2017), which is designed 

to affect the aerosol particles. In the numerical model, the wall boundaries at the top 

and bottom are constructed of rigid sound surface. Both inlet and outlet are set with a 

flow speed of 00.5 m/s. To ensure sufficient computational accuracy, the maximum 

element edge length is smaller than one-sixth of the wavelength (Muller et al., 2012; 

Peng et al., 2020; Rokad and Pandya, 2020). The simulation shows that standing 

waves can be sustained under resonance at a minimum sound pressure level of 70 dB, 

which can be also maintained at the 9th harmonic frequency of 10287 Hz.  

 

Fig. 5.6: A schematic diagram of ventilation ducting with 120 cm length for 

simulation. 

In Fig. 5.7, we investigate the effect on the tube size, whereby the cross-sectional 

height was varied from 10, 15 to 20 cm. We select a 15-cm height for the tube as 

similar to Ng et al. (2017) and the emitter generates the standing wave at the middle 

as indicated by a 60-cm mark. As seen in the figure, the emitter generates an acoustic 

wave profile that can extent to the tube covering a triangular area according to an 
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acoustic angular spread. Using a linear extrapolation, the acoustic angular spread can 

be evaluated by two sides of the acoustic field lines. Under different height 

dimensions, the acoustic angular spread values are 56.1°, 55.1°, and 47.9°, 

respectively.  

 

Fig. 5.7: A 2D model simulation of a ventilation duct of different height: (a) 10 cm, (b) 

15 cm and (c) 20 cm under 10287 Hz. 

Fig. 5.8 shows the numerical simulations in a 15-cm cross-sectional tube at three 

different resonant frequencies, i.e., 6858 Hz, 10287 Hz and 20574 Hz. In this case, the 

acoustic angular spread values are 56.1°, 55.1°, and 47.9°, respectively. The results 

indicate that the angle of the emission spread decreases proportionally with increasing 

frequency. Operating with lower frequencies, however, does not guarantee that a high 

sound pressure level can be sustained by an emitter (Tu et al., 2019). To enhance the 

trapping effect, extending the residence time of particles in the agglomeration region 

is highly desired. Therefore, in this 15 cm cross-sectional tube design, the fabrication 

of such devices can achieve an acoustic spread of 55° with an operating frequency at 

around 10 kHz.  
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Fig. 5.8: A 2D model simulation of a ventilation duct at 15cm size at different 

frequencies: (a) 6858 Hz, (b) 10287 Hz and (c) 20574 Hz. 

We further investigate the acoustic agglomeration effect towards particulate 

matter (PM10) by inserting aerosol particles at a size of 10 µm and operating the 

emitter at an SPL of 160 dB (Liu et al., 2021). In the simulation, we insert a 

concentration of 10,000 particles to the tube randomly. The airflow rate is set as 0, 0.1, 

0.3 and 0.5 m/s, as shown in Fig. 5.9. The results from the numerical simulations 

indicate that acoustic aggregation can affect the particles by trapping them in the 

acoustic zone. Four different airflow rates are presented, it is observed that an acoustic 

spread of 55° is retained in the presence of airflow. 
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Fig. 5.9: A 2D model showing the particle trajectory of PM10 sized matter as 

introduced into the tube at a flow rate of (a) 0, (b) 0.1, (c) 0.3 and (d) 0.5 m/s. Arrows 

indicate the direction of moving particles across the tube and a snapshot is captured at 

3s. 

5.3.1.2 Case Ⅱ: Combined resonant chambers with loudspeaker mounted at the side 
wall 

We perform the numerical investigation of the trapping process in the acoustic 

resonant chamber based on the proposed configuration in Fig. 5.2(b). Simulations of 

sound pressure fields, flow fields and particle trajectories are used to visualize the 

moving trajectories of particle under different dominant effects in the acoustic 

resonant chambers. Two simplified 2D models (i.e., an acoustic pressure model and a 

fluid flow model) are implemented separately utilizing COMSOL, which is to offer 

some guidelines for experimental setup. The acoustic pressure model is used to study 

the SPL profile, while the turbulent flow model is used to illustrate the flow pattern 

within the acoustic-manipulated device. Particles are released in both models to reveal 

the particle trajectories under different dominant forces. Based on the acoustic wave 

theory, the distribution of sound pressure in a standing wave can be obtained by Eq. 

(5.6), which is a summation of the forward and backward propagation waves. Under a 

standing wave, an abrupt pressure change at the pressure nodes can be created within 
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the resonant chambers. To illustrate the trajectory of particles under an acoustic field, 

the effect of acoustic radiation force (Eq. (5.3)) is studied to investigate the motion of 

particles. A total number of 10,000 particles are released to the acoustic resonant 

chambers from 0 to 0.3 m/s, where the density and diameter of the particles are 100 

kg/m3 and 5106 m, respectively. In addition, the RANS equations (Eqs. (5.7) and 

(5.8)) can be utilized to solve the continuous flow inside the device. Then, the k-ε 

turbulence model (Eqs. (5.9) and (5.10)) is adopted to consider the turbulence effect 

within the resonant chambers (Shi et al., 2020). In the flow field simulation, we 

consider the drag force (i.e., Fd) in Eq. (5.13) that is a dominant effect to act against 

the motion of particles by using the built-in functions of the numerical simulation 

software. Particles are released to show their movements under the flow field. 

According to the previous study (Ng et al., 2017) and the references therein, the 

particle number concentration can be reduced under the conditions of an SPL of 140 

dB and an average flow speed of 0.15 m/s. Hence, we only expect that moving 

particles with a relatively low speed along the fluid field are possible to be blocked 

under the coupling effects of the turbulent flow and standing wave. To investigate the 

overall coupling effects, we conduct an experiment to examine the filtration efficiency 

of the proposed acoustic-driven pre-filtering device. The overall assessment of the 

acoustic-driven device for low-graded filters improvement is discussed in the 

subsequent section. 

Fig. 5.10 shows a two-dimensional cross-sectional simulation that is used to 

examine the airflow pathway and the influence of the two-chamber enclosure 

structure in the absence of acoustic effects. The airflow pathway and speed contour 

simulated under a steady-state condition within the two chambers. The boundary 

condition for the “flow inlet” is designated as 0.75 m/s, and the “flow outlet” is set at 

an arbitrary interface. Noted that the location of “flow inlet” and “flow outlet” are 

shown in Fig. 5.3(c). In these diagrams, there is a significant increase in speed at the 



Chapter 5 Acoustic-manipulated Device to Enhance Filtration Removal of Sub-micron 
Particles 

158 

 

gap between two chambers, and at the region near the outlet. Fig. 5.10(a) shows the 

profile of flow speed within the U-shaped resonant chambers. Fig. 5.10(b) presents 

the trajectory of the airflow with respect to speed. We observe that there is mainly a 

laminar airflow in the first and second chambers, but a turbulent airflow is also 

induced at the low velocity regions, due to airflow resistance resulting in the two 

chambers. Since the pressure nodes have a lower SPL, so particles would be trapped 

in these regions. 

 

Fig. 5.10: A 2D numerical simulation. (a) the airflow speed contour map under a 

steady-state condition; and (b) the particle trajectory of a laminar flow occurs within 

the chambers with a minimal airflow resistance. 

Fig. 5.11 shows a 2D numerical simulation that consists of two resonance 

chambers, which was used to investigate the acoustic device. In Fig. 5.11(a), the 

sound pressure field region is formed by the sound waves emitted from the 

loudspeakers at a resonant frequency that corresponds to the dimensions of the 

chamber. It shows the respective locations of the nodes and anti-nodes, which indicate 

the highest and lowest SPLs. This creates a pressure differential, resulting in the 

trapping of particles as they pass from the inlet to the outlet via two sound field 

regions. By using the acoustic pressure model as shown in Fig. 5.11(a), we can obtain 

the sound pressure within the U-shaped device. Then, the “Particle Tracing for Fluid 

Flow” interface function in COMSOL was used to trace the motion of particles. In 
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addition, Fig. 5.11(b) presents the variation of sound pressure along the length 

direction of the resonant chamber at 836 Hz, and Fig. 5.11(c) shows the trapping of 

particles at the pressure nodes under acoustic fields.  

 

Fig. 5.11: A 2D numerical simulation of the device operating at 836 Hz and 116 dB: (a) 

Formations of a standing wave and a pressure differential (at 10 cm location) to 

facilitate particle trapping; (b) Variation of sound pressure along the length direction 

of the resonant chambers at 836 Hz; and (c) Trapping of particles at the pressure 

nodes. 

5.3.2 Experimental results 

We designed an experimental prototype for verification of this pre-filtering 

technique by a particle concentration measurement. The filtration of aerosol particles 

of certain sizes was optimized, to verify the proposed simulation parameters and 
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boundary conditions. The loudspeakers provided specific acoustic pressure waves 

with a certain dependence on frequency, and we illustrated how this can influence the 

aerosol concentration of fine particles (0.3–1.0 µm) and coarse particles (2.5–10 µm).  

In a preliminary testing, particles were generated by sandpapering balsa wood 

(Ochroma pyramidale; density = 116 kg/m3), and were introduced into the chamber 

via a sidewall, as it was horizontally oriented. Fig. 5.12(a) is a resonant particle 

acoustic pattern under the influence of a standing wave. Figs. 5.12(b) and 5.12(c) are 

enlarged images to show the concentration of particles in the center of the resonance 

chamber, i.e., the location of the pressure node inside the chamber. It can be seen that 

the wood powders can be forced and gathered at the center of the resonant tube under 

116 dB and 836 Hz. At the pressure node, such powders were aligned to a uniform 

and multi-line pattern, and the interval between two lines was around 2.43 mm. By 

using this test, it can help reflect the effect of acoustic force on the lightweight 

particles under an acoustic field.  

To study the acoustic effects, we systematically examined the performance of the 

device in terms of the reduction in the particle concentration and the removal 

coefficient, and thereby determined its filtration efficiency. Three case studies were 

examined to determine the dependence of the device performance on the frequency, 

SPL, and airflow rate. These parameters are the critical variables to determine the 

effectiveness of the present device. The findings that support our theoretical 

simulations of the particle trapping effect are also discussed in this section.  

 



Chapter 5 Acoustic-manipulated Device to Enhance Filtration Removal of Sub-micron 
Particles 

161 

 

 

Fig. 5.12: Preliminary test of wood powders generated from sandpapering balsa wood 

(Ochroma pyramidale; density = 116 kg/m3): (a) Balsa wood within the resonant 

chamber under 116 dB and 836 Hz; (b) Particles concentrated at the pressure node; 

and (c) A multi-line pattern of wood powders under acoustic standing waves within 

the resonant chamber (the interval between two lines ~ 2.43 mm). 

5.3.2.1 Frequency dependence on PM reduction 

To examine the frequency dependence on PM reduction in our experiment, we 

considered the resonant frequencies of 836, 1637, 2510, 3346, and 4183 Hz under an 

SPL of 116 dB for the enclosure with a length of 20 cm.  

Fig. 5.13 shows a plot of the particle concentration with an airflow of 0.75 m/s, 

as these particles were introduced into the tube. The measured particle concentrations, 

for fine and coarse particles, during the trapping process under various frequencies are 

presented. At 836 Hz (the lowest frequency that was applied), there was a 61% 

reduction in the particle concentration, which was the strongest trapping effect that 

was observed. In contrast, at 4183 Hz (the highest frequency that was applied), there 
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was only a 1% reduction in the particle concentration, which was the lowest reduction 

that was achieved. These data show that acoustic waves in the enclosure induced a 

significant reduction in particle concentration, and that the greatest reduction occurred 

at a particle size of 1.0 µm, which is similar to the findings in (Qiao et al., 2017). This 

is equal to a removal coefficient of up to 61%. In contrast, the lowest reduction 

occurred at a particle size of 2.5 µm. This suggests that the particle size resists the 

trapping effect, due to the influence of the particle velocity and acoustic pressure.  

Fig. 5.14 shows that, under an optimal fundamental resonant frequency of 836 

Hz, the reduction in the concentration of fine particles is the highest among others (as 

shown by the green solid line), and would decrease thereafter, with particles greater 

than 2.5 µm in size. This trend can also be observed at other resonant frequencies 

(from 1637 to 4183 Hz) that form a standing wave. However, the particle-reduction 

trend would decrease when we increased the frequency, as shown by the efficiency of 

removal of 1.0-µm particles. 

 

Fig. 5.13: Particle number concentration under various operating frequencies (836–

4183 Hz) and 116 dB: (a) fine particles (0.3 to 1.0 μm); and (b) coarse particles (2.5 to 

10.0 μm). 
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Fig. 5.14: Removal coefficient of under various resonant frequencies (between 836 

Hz and 4183 Hz) at 116 dB. 

5.3.2.2 SPL dependence on PM reduction 

In the first case study, we determined that 836 Hz was the most effective 

frequency to promote particle trapping. In the second case study, we examined the 

effects of the SPL on particle reduction. Fig. 5.15 shows a plot of the particle 

concentration under the acoustic effect, which was applied at an optimized frequency 

of 836 Hz and an SPL between 108 and 116 dB. Figs. 5.15(a) and 5.15(b) show the 

measured particle concentration for the fine and coarse particle distributions, 

respectively. 
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Fig. 5.15: Influence of particle size distributions with and without the acoustic effect 

under 836 Hz and 108116 dB: (a) fine particle (0.3 to 2.5 μm); and (b) coarse 

particle (2.5 to 10.0 μm). 

Fig. 5.16 shows the removal coefficient determined for the acoustic-driven 

device operated at various SPLs. Similar maximum removal coefficients for 1-µm 

particles were found for SPLs greater than 108 dB. At 108 dB, a linearly increasing 

trend can be seen as the removal coefficient increases from 3% to 21%, which may 

indicate insufficiency in the supply of a sound pressure field for the promotion of 

particle trapping. At SPLs of 110–116 dB, the effectiveness of acoustic effect is 

clearly observed, as the removal-coefficient trends similar to those in Fig. 5.14. The 

maximum removal coefficient for 1-µm particles was again 61%, whereas for >2.5-

µm particles, an SPL of 110 dB increased the removal coefficient from 14% to 34%. 

Because the removal of finer particles is more difficult, it was optimal to operate the 

loudspeakers at 116 dB to maximize the trapping effect.  
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Fig. 5.16: Removal coefficient of particles at 836 Hz under different SPLs. 

5.3.2.3 Airflow dependence on PM reduction 

In this case, we further examined the dependence of acoustic effect on airflow 

while applying a loudspeaker frequency of 836 Hz at an SPL of 116 dB. Fig. 5.17 

shows the removal coefficient at a flow speed from 0.45 to 0.75 m/s. Noted that the 

flow speed is measured at the flow inlet of the acoustic resonant chambers as shown 

in Fig. 5.3(a). The results show a maximum removal coefficient trend that is similar to 

those in Figs. 5.14 and 5.16 with respect to the particle size distribution. According to 

the numerical simulations, it is possible that an increase in the flow rate allows the 

particle trajectory to provide a recirculating airflow within the chambers and allows 

particles to reside within the sound pressure field for a longer period. Therefore, as 

more incoming particles enter into the chamber, the greater airflow can induce a 

greater recirculating flow within the vertical enclosure and thus cause a greater 

number of particles to undergo the trapping effect. The results are consistent with the 

numerical simulation results. However, further investigation is required to obtain 

more conclusive data. 
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Fig. 5.17: Removal coefficient of particles under the inlet flow speed ranged from 

0.45–0.75 m/s. 

In Table 5.1, we summarize the filtration efficiency of particle concentrations 

under various critical parameters (i.e., frequency, SPL and airflow rate). In addition, a 

further investigation is presented in the next section to obtain more data that are 

conclusive. 
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Table 5.1: Filtration efficiency of particle concentrations under various parameters. 

Under various operating frequencies 

Operating 
Frequency 

Operating 
SPL 

Inlet flow 
speed 

Removal coefficient for PM 
1.0 

836 Hz 
1637 Hz 
2510 Hz 
3346 Hz 
4183 HZ 

116 dB 0.75 m/s 

61.4% 
46.1% 
37.3% 
30.7% 
30.6% 

 

Under various SPLs 

Operating 
Frequency 

Operating 
SPL 

Inlet flow 
speed 

Removal efficiency for PM 
1.0 

836 HZ 

116 dB 
114 dB 
112 dB 
110 dB 
108 dB 

0.75 m/s 

61.4% 
51.7% 
30.3% 
26.7% 
6.8% 

 

Under various inlet flow conditions 

Operating 
Frequency 

Operating 
SPL 

Inlet flow 
speed 

Removal efficiency for PM 
1.0 

836 HZ 116 dB 

0.75 m/s 
0.6 m/s 
0.5 m/s 
0.45 m/s 

61.4% 
42.8% 
43.0% 
47.0% 
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5.3.2.4 Acoustic-based pre-filtering system 

In the previous sections, we analyzed the acoustic effect of the U-shaped device 

and the optimization of its operating parameters. In this section, we will discuss the 

improvement provided by the acoustic-driven pre-filter in terms of the overall 

filtration efficiency. To test and calibrate this device for practical use, we examined 

the effectiveness of a commercial MERV-6 grade coarse filter when combined with 

the present technique.  

Fig. 5.18 shows a comparison of the particle concentration with respect to size 

(0.3–10 µm) and with respect to the presence of a MERV-6 filter, and a MERV-6 filter 

combined with the acoustic-driven pre-filter. Figs. 5.18(a) and 5.18(b) show the 

concentrations of fine particles (0.3–2.0 µm), while Figs. 5.18(c) and 5.18(d) present 

the concentrations of coarse particles (2.5–10.0 µm). It can be seen that when the 

MERV-6 filter was used, the particle reduction would increase as we increased the 

particle size. With the presence of this acoustic-driven device, it can further increase 

the particle reduction in all cases, especially for the case of 0.3–1.0 µm. These data 

indicate that the present pre-filtering technique is more effective to remove fine 

particles than coarse particles. Therefore, an acoustic-based pre-filtration technique 

complements MERV-6 filters can be designed for the removal of fine particles. This 

also shows that the combination of the present technique with MERV-6 filters may 

generate a cost effectiveness and long-use filtration device.  

Fig. 5.19 shows the removal performance pertaining to a MERV-6 coarse filter, 

the present technique, and a MERV-6 filter combined with the present technique. The 

MERV-6 filter achieved an average reduction in the concentration for coarse particles 

(>2.5 µm) of 50%, corresponding to the PureFit Pleated Filter specifications (i.e., a 

filtration efficiency up to 60% for 0.3–10.0 µm particles). However, the filtration 

performance of the MERV-6 filter considerably decreased for particles smaller than 

0.8 µm, which was expected. Therefore, significantly improved filtration performance 
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can be obtained when the MERV-6 filter was used in combination with the acoustic-

driven pre-filtering technique. Furthermore, the acoustic-based pre-filtration 

technique can compensate for the ineffective fine-particle removal rate by the 

MERV-6 filter, resulting in a maximum removal coefficient of up to 89%. If the 

MERV-6 filter was absent, the present technique can still achieve a maximum removal 

coefficient of up to 61% efficiency for particle sizes approaching 1.0 µm. These data 

indicate that the present pre-filtering technique is more effective to remove fine 

particles than coarse particles. Therefore, an acoustic-based pre-filtration technique 

complements MERV-6 filters can be designed for the removal of fine particles. This 

also shows that the combination of the present technique with MERV-6 filters may 

generate a cost effectiveness and long-use filtration device.  

 

Fig. 5.18: Influence of particle size distributions with and without a MERV filter 

under 116 dB and 836 Hz: fine particles between (a) 0.30.8 μm, (b) 1.02.0 μm; and 

coarse particles between (c) 2.54.0 μm and (d) 5.010.0 μm. 
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Fig. 5.19: Removal coefficient as determined from a MERV-6 filter (green dash line), 

present technique (blue dash line), and a MERV filter with the present technique (red 

solid line). 

To benchmark our results with those in the literature, Fig. 5.20 depicts the 

filtration efficiency for the present pre-filtering technique combined with a low-grade 

MERV-6 filter for comparison. To demonstrate the working performance, we selected 

a common HVAC filter (MERV-6 filter) for analysis. Our device achieved a high 

performance of up to 89% efficiency, which indicates that it is an effective method for 

the removal of fine particles. Notably, our device was more than 100% better for 

filtering 0.3–2.0 µm particles than cabin filters, which are often implemented in 

vehicle-based applications (Xu et al., 2011). Compared to the high-grade MERV-13 

filter as tested by Dols et al. (2020), our achieved efficiency was also consistent with 

the MERV-13 filter for a particle size of 0.4–1.0 µm. This finding indicates that if a 

MERV-6 graded filter is replaced with high-grade filters, the filtration performance 

will be further increased, without the need to rely solely on very high-performance-
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based HEPA-type filters. Compared to the fine-particle filter (F6-class) (Zhao et al., 

2020), our device can present a better removal efficiency rate at a region of 0.3–1.0 

µm. Notably, our device also exhibited better performance than those low-grade 

HVAC filters (NIOSH, 2003). The removal efficiency of the present technique would 

decrease when the particle size is larger than 1.0 µm due to the interaction of acoustic 

strength. In reality, it is rather difficult to filter the sub-micron particles than the 

super-micron particles, the present filtration technique provides an effective avenue 

for this issue.  

 

Fig. 5.20: Performance comparison between MERV-6 filter coupling with the present 

U-shaped device, cabin filter (Xu et al., 2011), MERV-13 filter (Dols et al., 2020), 

fine filter (F6 class) (Zhao et al., 2020), and low-grade filter (3545% and 6065%) 

(NIOSH, 2003). 

In addition to indoor air quality, it is known that reducing airborne transmission 

of virus in enclosed areas requires effective control measures, including ventilation 

and air filtration (Morawska et al., 2020). Recent epidemiological studies (Liu et al., 
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2020) indicated that aerosol transmission of SARS-CoV-2 mainly includes two size 

ranges, one is in the sub-micron range (0.25–1.0 μm) and the other one is in the super-

micron range (> 2.5 μm). The study presented herein shows good results for the sub-

micron range (0.3–1.0 μm). Hence, the potential application of this engineering 

design is a promising approach to reduce the possibility of airborne viral transmission 

in ventilated indoor spaces. The present investigation also provides insights into the 

improved design of a non-invasive pre-filtering approach in ventilation systems, as 

the design possesses a high level of flexibility to work with various filter types.  

5.3.2.5 Morphological features of particle precipitation with or without sound 
application  

The SEM images of particle precipitations are shown in Fig.5.21. The underlying 

colors, i.e., blue, yellow and pink, are used to classify the samples under three 

different testing conditions corresponding to the control group, sampling without a 

sound effect, and sampling with a sound effect, respectively. Fig. 5.21(a) shows the 

SEM images of clean aluminium sample sheets as reference, in which the 

magnification is ranged from 331x to 5.05kx. Cleaning by the ethanol solution, no 

particle or dust can be observed on the surface of the sample sheets.   

To illustrate the acoustic effect on aerosol particles, we mainly discuss the 

sample sheets tested under two conditions, i.e., sampling without a sound effect and 

sampling with a sound effect. Fig. 5.21(b) shows the morphological images of particle 

precipitations without an acoustic effect, which are enlarged from 5.23kx to 9.56kx. 

According to the images, two kinds of morphologies can be observed such as 

spheroidal particles and cumulated particle clusters. Due to the turbulence-induced 

disturbance and Brownian motion, the heavy particles may be deposited under the 

force of gravity. The distribution of particle sedimentations is relatively independent. 

The diameters of the spheroidal particles are about 1.79 μm and 2.47 μm. The 

cumulated particle clusters (~3 μm in diameter) are also observed, see the white 
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arrows and yellow circles marked in Fig. 5.21(b).  

Fig. 5.21(c) shows the morphological images of particle precipitations in the 

presence of an acoustic effect (i.e., pink background section). The magnifications are 

from 861x to 56.0kx. According to the SEM images, we observe various 

morphological forms of particle sedimentations, which is different from the patterns 

in Fig. 5.21(b). A multi-line pattern can be observed, in which the particle 

sedimentations present stripe-like shapes (see the white square marked in Fig. 5.21(c)). 

The width of the stripe-sedimentation particles is ~2.65 μm and the length is ~11.35 

μm. The interval between stripe-sedimentation particles is about 7.30 μm. In addition, 

we also observe some larger particle clusters with irregular shapes under a 

magnification of 13.0 kx. The approximate length of the regular stripe-shape 

aggregates is from 0.93 μm to 2.86 μm. Some stripe-shape particle clusters are larger 

than 5 μm in length. It implies that the particle precipitations can be observed without 

an acoustic effect, however, regular and larger stripe-shape particle precipitations can 

be formed under the effect of acoustic waves. In general, the SEM images are the 

supportive evidence to show the acoustic impact on fine particles within the U-shaped 

acoustic-driven device. 
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Fig. 5.21: SEM images of particles precipitation at the bottom of the U-shaped 

acoustic resonant chamber: (a) Clean sample sheets as a control group; (b) Sample 

sheets placed at the bottom of the acoustic-driven device without an acoustic effect; 

and (c) Sample sheets placed at the bottom of the acoustic-driven device with an 

acoustic effect. 
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5.4 Concluding remarks 

The implementation of an acoustic-based manipulation device can improve 

particle removal filtration efficiency inside mechanical ventilation systems. The major 

findings of this work are summarized as follows: 

 A simple U-shaped acoustic-driven resonating device that can enhance the 

filtration rate of coarse filters for the sub-micron particles under a lower SPL has 

been proposed. To facilitate the trapping effect, loudspeakers were deployed at the 

sidewall positions of the resonant chambers, where the generation of acoustic 

waves is in an opposite direction against an incoming airflow.  

 To verify the proposed technique, a prototype was fabricated, and experimental 

tests were conducted to investigate the extent of trapping fine particles with 

various sizes. Parametric studies of the device performance on acoustic frequency, 

SPL and flow speed were investigated. As a standalone device, it can achieve a 

filtration efficiency of 61% and operate at a lower incident SPL (116 dB).  

 Coupling with a MERV-6 graded coarse filter, the acoustic effect could reduce the 

presence of particles at the sub-micron range of 0.31.0 µm, with up to 89% 

efficiency for the removal coefficient of 1.0-µm particles. The removal efficiency 

can be flexibly enhanced by coupling the present design with high-grade filters.  

 Using a microscopic observation, some morphological forms of particle 

precipitation can be observed, this is the supportive evidence to illustrate the 

occurrence of acoustic-particle interaction within the resonant chambers. 

Although this work does not provide a direct observation of collision and 

interaction of sub-micron particles, the present design has shown potential to perform 

as an effective prefilter air-cleaning strategy. Yet, the U-shaped configuration utilizing 
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double resonant chambers may restrict the flow rate within the ventilation duct. 

Consider the practical flow rate (e.g., 6 m/s) in mechanical ventilation ducts, this 

device works under a small-scale flow rate. A refined study will focus on the 

influence of greater airflow rates on the working efficiency. Further research emphasis 

will also focus on the aggregation modes of particles within the acoustic-driven zone 

and the sensitivity of acoustic frequencies on various particle sizes.  
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CHAPTER 6  

FABRICATION AND CHARACTERIZATION 

OF NANO-THINFILM THERMO-ACOUSTIC 

DEVICES 

6.1 Introduction 

Current research efforts in novel acoustic devices focus on the study of 

alternative electroacoustic transducers having no moving parts (Hu et al., 2010; 

Kontomichos et al., 2012; Tiwatane and Barve, 2014; Chen et al., 2021), which can be 

achieved by utilizing a thermo-acoustic (TA) effect. Unlike the conventional pressure-

velocity variation mechanism, the TA effect that came from the thermophone concept 

(Arnold and Crandall, 1917) can be created by a temperature-position displacement 

for generating sound waves. Despite its availability for a century ago, this technology 

has been hindered due to the lack of smart materials and fabrication methods. In the 

1990s, the first TA device, made of a 30-nm-thick aluminium film placed on a micro-

porous silicon layer for sound generation, was reported (Shinoda et al., 1999). 

Nevertheless, most of the thermal energy generated by the aluminium film leaked to 

the substrate, greatly reducing its working performance. Advanced nanotechnology 

opens up new visions for exponential progress in acoustic engineering fields. 

Following the discovery of carbon nanotubes (CNTs) (Iijima, 1991), graphene is the 

most recently discovered carbon allotrope (Novoselov et al., 2004; Novoselov et al., 
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2005).   

By bonding carbon atoms in various ways, a number of allotropic forms can be 

obtained, including graphite, diamond, fullerenes, CNTs and graphene. Their 

morphologies and synthetic methods can affect their mechanical, thermal and 

electrical properties, in which CNTs and graphene have the best combination of 

properties and benefits (Filchakova and Saik, 2021). Fig. 6.1(a) shows the structure of 

graphene, which is a single sheet (monolayer) of carbon atoms arranged in a 

honeycomb hexagonal lattice. Due to the one-atom-thick structure, it is also known as 

a two-dimensional (2D) material. In Fig. 6.1(b), the structure of a single-walled 

carbon nanotube (SWCNT) is presented. This structure can be conceptualized by 

wrapping a graphene sheet into a seamless cylinder (Onorato, 2011; Vidu et al., 2014). 

Based on advanced nanotechnology, using the TA technique only requires a direct 

connection to an electrical source (alternating current (AC)) with sufficient power to 

achieve acoustic wave emission.  

 

Fig. 6.1: (a) Graphene: a monolayer of carbon atoms tightly bound in a hexagonal 

honeycomb lattice and (b) Single-walled carbon nanotube (SWCNT): a graphene 

layer seamlessly rolled into a tubular structure (Onorato, 2011; Vidu et al., 2014; Yan 

et al., 2019). 

The transduction process of the TA effect is the transformation of thermal energy 
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into acoustic energy. A local vibration of air molecules can be formed by periodic heat 

emissions from TA transducers, resulting in a proportional air pressure gradient of 

surrounding air. Using such TA transducers to generate acoustic waves enables to 

avoid a traditional moving piston or other comparable mechanisms, thereby reducing 

manufacturing costs and structural complexities associated with conventional 

piezoelectric- and electromagnetic-type loudspeakers. Conventional loudspeakers 

often consist of a moving cone, a voice coil, a permanent magnet and an enclosure.  

The intricate structure of conventional loudspeakers may restrict their applications in 

miniaturized precision instruments. Fortunately, TA devices with a lightweight and 

compact structure (Tian et al., 2012; Aliev et al., 2015), there is no mechanical 

movement of the devices involved in sound generation, so that no resonance peaks are 

produced. This results in a broadband frequency response range that is unachievable 

by mechanically driven devices (Hu et al., 2012a; Wei et al., 2013). TA devices are a 

fascinating technology in a new generation of speakers that have revolutionized the 

fundamental mechanism of conventional mechanical electro-acoustic devices. Hence, 

it shows great advantage as a practical magnet-free speaker (Xiao et al., 2008). 

To theoretically understand the TA performance, Guiraud et al. (2019) developed 

a numerical model for describing an arbitrary multilayered structure to illustrate the 

sound generation of a thermophone structure, which is a general model based on the 

classical conservation law. To gain an in-depth understanding of CNT materials, Tong 

et al. (2014) considered the mirage effect induced from a heated CNT thin film. They 

(Lim et al. (2013), Tong et al. (2015)) also developed a series of accurate analytical 

models for explaining the radiation of near- and far-field TA waves from a suspended 

CNT thin-film device. Moreover, analytical solutions are also available for various TA 

devices, including a gas-filled encapsulated TA transducer (Tong et al., 2013), a solid 

cylindrical TA transducer (Tong et al., 2016), and a free-standing nano-thinfilm 

structure in a fluid medium (Mao et al., 2019a). More recently, Lai et al. (2019) 

derived a theoretical model to investigate the optical behavior of vertically aligned 
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CNT arrays under different polarized incident light effects. Zhou et al. (2021) utilized 

the boundary element method to predict the surrounding acoustic field of a CNT thin 

film in an arbitrary 3D configuration. To understand the variation of TA responses, 

Tong et al. (2017) also developed a theoretical study based on the Fourier 

transformation by feeding different input signals (e.g., square root signal, triangular 

wave signal and  rectangular pulse signal) to TA devices. To enhance the sound 

pressure output, Mao et al. (2019b; 2021) further considered the use of a magnetic 

field to enhance the sound pressure output of TA devices under a periodic AC power 

supply.  

To develop a TA device, it requires advanced materials with specific properties 

such as the low heat capacity per unit area (HCPUA) and high thermal conductivity 

(Kumar et al., 2021). In terms of experimental studies, a significant breakthrough on 

CNT-based TA loudspeakers was reported by Xiao et al. (2008) with exemplary sound 

emitting properties. A CNT single-layer film was directly drawn out from CNT arrays 

and aligned onto a 4-inch wafer, which presented a wide frequency response range 

within 1 MHz and up to 100 dB loudness. Thereafter, Nasibulin et al. (2011) reported 

an aerosol chemical vapor deposition (CVD) synthesis method to prepare a free-

standing SWCNT film via direct deposition. This method not only can control the 

good performance of SWCNT thin films, but also its thickness in a few micrometers. 

Barnard et al. (2013) roughly discussed the feasibility of CNT-based TA speakers to 

achieve a high sound pressure output from four aspects, including the numerical non-

dimensional analysis, gaseous immersion effects, multiple-film stacking and different 

input signal conditions. In addition, a novel TA chip, which fabricated by a 

suspending CNT thin yarn array, was developed by Wei et al. (2013). The TA chip 

consisted of a silicon base with periodic grooves (900-μm in pitch and 150-μm in 

depth). The sound pressure generated by a suspended CNT thin yarn array chip relied 

on the depth of the periodic grooves and the thermal wavelength. Aliev et al. (2015) 

also compared the TA performance of various CNT-formed TA devices, including 
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multi-walled CNT (MWCNT) thin films, graphene sponges and gold-coated 

poly(acrylonitrile) nanofibers.  

Recently, another intensive focus has turned to graphene (Suk et al., 2011; Tian 

et al., 2011a; Suk et al., 2012) and Ti3C2 (Gou et al., 2019), which are highly effective 

materials with high mechanical strength, good electrical mobility and superior thermal 

conductivity (Tu et al., 2019). Tian et al. (2011a) fabricated three different thickness 

graphene sheet samples and measured their responses and efficiency. They mentioned 

that the HCPUA of graphene materials and the thermal properties of substrates are the 

key factors for sound generation. Subsequently, Tian et al. (2012) developed a single-

layer graphene sound-emitting device by using a high porosity anodic aluminum 

oxide (AAO) template, resulting in higher sound pressure output up to 0.6 Pa with an 

input power of 0.25 W. Sbrockey et al. (2018) proposed a graphene-based TA device 

with a flexible plastic substrate (i.e., 0.002 inch-thick Kapton), which can achieve an 

SPL of 60 dB under a 7 V power input. Although both graphene and CNT materials 

are proposed as TA devices, there are still some limitations during the fabrication 

processes. Experimental investigations on the acoustic performance of CNT- and 

graphene-based TA devices supported by different substrates are still insufficient.  

As a single-element thin-film speaker, TA devices could make possible change of 

daily audio-visual experience. The key point is the mechanical and thermal properties 

of materials. Graphene, a very thin and flexible structure, possesses various superior 

material properties as aforementioned. It is not only the most durable material, and 

also extremely malleable and elastic. Because of its one-atom-thick, graphene is 

nearly transparent. However, the use of graphene as a free-standing material is still 

challenging. As an ultra-thin film, the problematic issues of mechanical brittleness 

and adhesive interfacing contact can directly lead to the reduction of performance.   

In terms of material preparation and cultivation, chemical vapor deposition 
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(CVD) method is a promising and inexpensive way for the synthesis of graphene thin 

films (Mattevi et al., 2011; Wang et al., 2020a). Owing to the growth of graphene 

sheets is commonly deposited on the base of copper (Cu) (Li et al., 2009b), nickel (Ni) 

(Reina et al., 2009), and iridium (Ir) (Coraux et al., 2008), etc. Therefore, cultivated 

graphene sheets need to be transferred onto a non-conductive substrate for practical 

applications, which is the main drawback of using CVD graphene thin films. It is 

imperative that the quality of graphene remains preserved during the transfer process. 

A fast and reliable method to transfer graphene thin films from a conductive substrate 

to a targeted one is another critical step. During this transfer process, various 

polymers (e.g., polymethyl methacrylate (PMMA) and polydimethylsiloxane (PDMS)) 

are widely used as a supportive layer. Deokar et al. (2015) reported a high crystalline 

quality monolayer graphene growth and its transfer method. According to Deokar et al. 

(2015), they provided three modified steps for maintaining the quality of graphene, 

i.e., Cu etching solution choice, trapped water removal and PMMA residual removal 

method. Li et al. (2009a) also developed an improved transfer process by adding a 

second layer of PMMA for material transfer, which can achieve a lower density of 

cracks and tears. Using the double layer PMMA for material transfer, Borin Barin et 

al. (2015) further investigated an optimized transfer method by considering the 

influence of various transfer parameters, for example PMMA concentration, 

temperature and baking time. As a supportive layer-based transfer, the usage and 

removal of PMMA during the process can either enhance or degrade the final quality 

of graphene. In addition, Suk et al. (2011) presented a novel dry transfer technique by 

utilizing PDMS as a supportive layer. Her et al. (2013) also proposed a transfer 

procedure utilizing acetic acid to replace the acetone treatment approach in PMMA 

removal, resulting in less contaminants on the surface of graphene sheets.  

CNT thin films are of several orders thicker than a monolayer graphene sheet. 

With a structure of entire tube (or stack of tubes), it can maintain itself as a free-

standing material. As a strong and robust structure, CNTs are claimed as an 
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appropriate candidate for fabricating TA chips, which can be formed by a suspended 

yarn structure (Wei et al., 2013). A gap distance between the nano-thinfilm and the 

substrate conduces to higher and reliable sound emissions (Tong et al., 2015). CNT 

yarns have showed a much higher mechanical strength than a fresh CNT film (Liu et 

al., 2009b) and thin yarns can possibly achieve a faster thermal response (Wei et al., 

2012). According to the relevant numerical analytical models (Tong, 2015; Tong et al., 

2015), a few-micrometer gap separation can enhance the sound performance of CNT-

based TA devices.  

Considering CNT- and graphene-based TA devices, we attempt to provide a 

feasibility study in this work. With reference to the theoretical study of a gap 

separation effect on TA devices, a 50-μm gap separation between thinfilm and 

substrate can contribute to sound output and structural stability (Tong et al., 2015).We 

design and prepare a substrate with a 50-μm-gap utilizing wafer treatment technology. 

As aforementioned, CVD-grown graphene materials are still challenging in the 

arbitrary substrate transfer and residual removal processes. In this connection, we 

examine a transfer process for graphene-based TA devices. Also, a CNT-based TA 

device is fabricated. Sound measurement for both TA devices is conducted to illustrate 

their SPL profiles. To understand the gap separation effect of nano-thinfilms, a simple 

reviewed about the theoretical model is presented in Section 6.2. Experimental 

procedures about the fabrication process are described in Section 6.3. Results and 

discussion are then presented in Section 6.4. Finally, the major findings of this work 

and limitations are stated in Section 6.5.  

6.2 Gap effects for nano-thinfilm TA device 

When an electric power is applied to a CNT thin film, the surrounding medium 

(gas or fluid) is heated periodically. An oscillating temperature field is induced in the 

medium, resulting in thermal expansion and contraction of the medium to generate 
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acoustic waves. During the periodic heating process, the material properties of a 

substrate have great impact on thermal waves (e.g., material porosity (Tian et al., 

2012) and thermal diffusivity of the substrate (Tong et al., 2015)). When a gap 

separation between the nano-thinfilm and substrate, there is a potentiation of sound 

output as a thermal wave that can reflect back into the medium (Tong et al., 2015). 

Utilizing CNT thin films with low HCPUA, typically ranging from 1.510–1 J/(m2K) 

to 7.710–3 J/(m2K) (Tian et al., 2011a), the thermal energy can be transferred within 

an ultra-short time period, resulting in the rapid generation of acoustic waves. Aiming 

at improving the sound output performance, a suspended-on-substrate TA structure 

has been investigated by the analysis of the gap separation effect, as shown in Fig. 6.2. 

Fig. 6.2(a) illustrates the schematic diagram of a TA device suspended on a silicon 

substrate. Two external electrodes and two holding bars are used to fix the nano-

thinfilm. Fig. 6.2(b) presents the structure of a four-TA-transducer shunt-wound array, 

which can be used to address the higher requirement of sound output.  

 

Fig. 6.2: (a) Schematic diagram of an encapsulated TA transducer; and (b) Schematic 

diagram of a four-TA-transducer shunt-wound array. 

When a nano-thinfilm TA device is driven by an AC signal, the produced Joule 

power can be expressed by (Vesterinen et al., 2010):  
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 J J( ) 1 exp( 2 )P t P i t    (6.1) 

where 
JP  is the average electric power and ω is the angular frequency. In the context 

of linear and non-viscous thermo-acoustic theory, the temperature field (T) and 

acoustic pressure field (P) can be solved via the following coupled equations 

(Vesterinen et al., 2010; Tong et al., 2015):  

2 1 1 1
1

1 1 1

1 1T S P
T

t t  
 

    
   

(6.2a) 

where 1  is the diffusion constant of medium (typically air), 1  is heat conductivity 

of medium, S1 is the heat source with unit W/m3, P1 is the acoustic pressure and t is 

time. Eq. (6.2a) is the diffusion equation of temperature. The coupling term 1

1

1 P

t





 

in Eq. (6.2a) has only a small effect on the final result of temperature (T), which can 

be neglected (McDonald and Wetsel, 1978; Vesterinen et al., 2010; Tong et al., 2015). 

By ignoring the coupled term 1

1

1 P

t





 in Eq. (6.2a), the acoustic pressure field (P) 

can be expressed as (Vesterinen et al., 2010; Tong et al., 2015):  
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 (6.2b) 

where P is the acoustic pressure, ρ0 is the density of surrounding medium, T0 is the 

ambient temperature of medium, and C0 is the isothermal speed of sound. With a 

harmonic AC input signal, the heat source (suspended-on-substrate nano-thinfilm) can 
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be expressed by (Vesterinen et al., 2010):  

in
1= ( )exp( )

P
S x g j t

a
 

 
(6.3) 

where Pin is the effective input power, a is the thin-film area, ( )x g   denotes the 

Dirac Delta function, x represents perpendicular direction to the thin-film surface, and 

g is the gap distance between the thin film and the substrate. The coordinate axis 

diagram is shown in Fig. 6.2(a). Here we consider the nano-thinfilm with thickness of 

the order of a few tens of nanometers, while the gap separation distance (g) is far large 

compared to the thickness of nano-thinfilm. There is a concentration of Joule heat at 

the position of nano-thinfilm (i.e., x=g).  j is the imaginary number (i.e., 1j   ) 

and ω is the angular frequency. Assuming the CNT thinfilm is an infinite impedance 

plane in the acoustic near-field. Hence, the temperature field is only dependent on the 

x-direction, see Fig. 6.2(a). According to the analytical model presented by Tong et al. 

(2015), the explicit expression of the thermal wave in a medium (typically air) as: 

 in
1 1 1

1 1

1
( ) exp[ ( ) exp( )]

2

P
T x R x g x g

a
 


      

 
(6.4) 

where 
1

1

j


 . R denotes the reflection coefficient of the thermal wave, which is 

related to the thermal diffusivity. It can be expressed as 2 1

2 1

( )
R

 
 





, in which 1  

is the diffusion constant of the surrounding medium (typically air) and 2  is the 

thermal diffusivity of the substrate. In Eq. (6.4), two important parts are involved in 

the thermal wave. The first part represents the influence of the substrate on the 
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thermal field, while the second part directly comes from the heat source.  

To further investigate the gap separation effect on the acoustic near- and far-field, 

the sound pressure output can be resolved by the analytical model (Tong et al., 2015). 

Consider Eq. (6.4), the output sound pressure along the perpendicular direction to the 

thin-film surface (i.e. x-direction) can be expressed as (Tong et al., 2015):  

 0 in
1

0

( ) ( 1) exp( ) exp( ) 1 exp( )
2p

C P
P x R g jkg jkx

T C a
         

 
(6.5) 

where 0/k C . The far-field sound pressure is thus given by (Tong et al., 2015):   
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
 

(6.6) 

where R0 is the Rayleigh distance (i.e., 0 0= /R af C ), and f is the frequency of sound. 

There are two cases to illustrate the gap separation effect on the sound pressure output 

in Eqs. (6.5) and (6.6).  

In the higher frequency range and a large gap (i.e.,  1exp 0g  ), we have  

  11 exp( )~0R g   . Consider n = 0, 1, 2, 3, …, when the angular frequency satisfies 

the condition of   02 1 /n C g     , the terms in the square bracket can be derived 

as “  exp 1 0jkg   ”, resulting in the sound pressure   0P x  . When the angular 

frequency meets the condition of  02 /n C g  , the terms in the square bracket 

can be written as “  exp 1 2jkg   ”, resulting in the maximum value of the sound 
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pressure  P x . In the low frequency range or a small gap, we obtain 1exp( ) ~1g , 

thereby resulting in “    11 exp 2R g    ”. According to the definition of the 

reflection term R, it is a constant (smaller than 1). An inference can be presented that 

the amplitude of acoustic pressure decreases with reducing the gap distance. The 

critical point of the gap separation effect occurs at g = 45 m (Tong et al., 2015). 

To examine the performance of a suspended-on-substrate nano thin-film TA 

device, we design and prepare a 3 cm 3 cm silicon substrate. A silicon substrate is 

prepared for holding the nano thin film. To enhance the output performance of sound 

pressure, a 50-μm gap separation is provided to form an interference of thermal wave 

between the nano thin film and the silicon substrate. Two extensional electrodes are 

used to mount on either side of the silicon substrate for power feeding. The fabricated 

procedures are illustrated in the subsequent section. 

6.3 Experimental procedures 

6.3.1 Substrate preparation 

In this section, the preparation procedures of a silicon substrate are presented in 

Fig. 6.3. Two 5-inch masks were designed, in which one is for photolithography and 

the other is for the physical vapor deposition (PVD), see Fig. 6.3(a). Referring to the 

schematic diagram of a suspended-on-substrate nano-thinfilm (see Fig. 6.2(a)), we 

designed two holding bars on both sides of the silicon substrate. A thin layer of silicon 

dioxide was deposited on the top of the holding bars for insulation purpose. Two 

extensional electrode layers were then deposited on the edge of the holding bars by 

the gold sputtering technique.  

The procedures of a 4-inch silicon wafer treatment through the photolithography 

process is presented in Fig. 6.3(b). A thoroughly cleaned and dried silicon wafer can 
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serve as a substrate of the TA device. Photoresist was spun on to the wafer utilizing a 

spin coater (Sawatec SM-180-BT). A mask aligner (Mask Aligner System) was the 

used to pass a controllable amount of ultraviolet (UV) light through the mask onto the 

coated wafer. UV exposure can make the patterned area insoluble in developer 

solution. Using developer solution can remove exposed resist and leave behind a final 

pattern onto the silicon. With the cover of photoresist, the silicon substrate was 

formed a 50-μm gap by utilizing a physical dry etching process, which is a high-

energy beam to etch off the substrate atoms. When the silicon atoms were knocked 

out from the substrate, the silicon material can evaporate simultaneously. Thereafter, a 

thin layer of SiO2 was deposited onto the holding bar to form an insulated interface. 

Gold sputtering was used for coating a thin gold layer as electrodes. During the 

sputtering process, gold was bombarded with high-energy ions in a vacuum chamber, 

resulting in the gold atoms or molecules being ‘sputtered’ into the vapor and 

condensing on the substrate to be coated. Using a 4-inch wafer, four substrates can be 

obtained, then it was cut by a dicing saw as a 3-by-3-centimeter square. The 50-μm 

gap Si/SiO2 substrates are presented in Fig. 6.3. Subsequently, the etched silicon 

substrates were cleaned by chemical solvent, followed by a deionized water rinse. 

Solvent can clean oil and organic residues that may appear on glass surfaces. The 

target substrate was sonicated for 20 minutes in acetone, followed by immersion in 

isopropyl alcohol for 30 minutes. After that, deionized water was used again for the 

substrate rinse and then dried by a nitrogen blowing.  
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Fig. 6.3: A 50-μm gap silicon substrate preparation. (a) a 5-inch covered mask design 

for photolithography and physical vapor deposition; (b) Procedure of wafer treatment 

including wafer coating and photolithography; and (c) a 4-inch wafer cutting into four 

substrates  3 cm 3 cm . 

6.3.2 TA device fabrication 

Graphene has extraordinary physical and electrical properties (Novoselov et al., 

2005; Chen et al., 2008; Morozov et al., 2008). Since it is only one-atom thick, 

graphene is nearly transparent, however, it is also an excellent electrical and thermal 

conductor. The thermal conduction of a suspended single-layer graphene is around 

5000 W/(mK) (Balandin et al., 2008; Ghosh et al., 2008; Prasher, 2010). Graphene 

also has a huge electrical mobility of about 200,000 cm2/(Vs) at room temperature 
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(Lin et al., 2010). There are many potential applications of using graphene as a 

transparent conductor in photovoltaic cells and flexible electronic devices. Moreover, 

the larger surface area to mass ratio of graphene makes it excellent for energy storage 

or chemical sensing (Xu et al., 2014). Fig. 6.4(a) shows the SEM image of a graphene 

sheet with a hexagonal mesh structure.  

(a)  (b)  

Fig. 6.4: (a) SEM image of a graphene thin-film layer; and (b) SEM image of an 

anodic aluminum oxide template. 

Due to the low thermal conductivity, anodic aluminum oxide (AAO) templates 

can act as a substrate to achieve a high acoustic emission efficiency (Tian et al., 2012). 

The SEM image of an AAO template is presented in Fig. 6.4(b) to show its internal 

structure that is a highly porous layer. The aperture of the AAO template is about 350 

nm in diameter with a 90% porosity ratio. With a porous structure, the AAO template 

is able to meet the requirement of high thermal diffusivity, which is possible to 

improve the TA performance (Tong et al., 2015). A periodic heating process acting on 

graphene can quickly heat up the surrounding air in the near field. Therefore, this 

porous substrate is a promising way to improve the sound intensity of graphene-based 

TA devices. Depending mainly on the nature of the anodizing electrolyte (Diggle et al., 

1969), AAO films can be performed in two different morphologies, they are non-

porous barrier-type oxide films and porous-type oxide films (Lee and Park, 2014). 
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The porous AAO type has a honeycomb-like structure formed by a high-density array 

with uniform and parallel pores, which can be grown on aluminum. This porous oxide 

film contains mutually parallel nanopores (Keller et al., 1953). Each cylindrical 

nanopore and its surrounding oxide region can constitute a hexagonal cell aligned 

normal to the metal surface. Under specific electrochemical conditions, the oxide cells 

can self-organize into a hexagonally close-packed arrangement, forming a 

honeycomb-like structure. The pore diameter and density of self-ordered porous 

AAOs are tunable in wide ranges by properly choosing anodization conditions: the 

pore diameter ranging from 10–400 nm and the pore density from 108–1010 pores/cm2 

(Lee and Park, 2014). The novel and tunable structural features of porous AAOs have 

been intensively exploited for synthesizing a diverse range of nanostructured 

materials in the form of nanodots, nanowires and nanotubes.  

As aforementioned, the use of graphene as a free-standing material is still 

difficult, a special template is required to host it as a platform due to its frangibility. 

To maintain a small gap-suspending design, we utilized an AAO template as an 

underlayment between the graphene layer and the Si/SiO2 gap substrate. Fig. 6.5 

presents the schematic structure of an AAO template onto a 50-μm gap Si/SiO2 

substrate. Adhesive was utilized to fix the edges of the AAO template and the gap 

substrate. The pitch of holes in the AAO template was about 450 nm, and the 

thickness was about 50 μm. With the similar 50-μm thickness, the AAO template can 

be perfectly fixed within the gap of Si/SiO2 gap substrate, as shown in the cross-

section schematic diagram in Fig. 6.5. 

Generally, the synthesis of graphene is typically achieved by CVD growth 

methods and later transferred onto a device platform with a specifically designed 

structure. To achieve a high-quality graphene, many fabrication parameters during the 

growth stages are essential for high precision control, for example annealing process, 

substrate temperature, gas flow rate and cooling down settling process. To consider 
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various fabrication requirements, CVD-grown graphene sheets need to be transferred 

on a non-conducting substrate (Han et al., 2014). During the transfer process of CVD 

graphene to an arbitrary substrate, it is possible to cause defects, doping and scattering 

by metallic or polymer residues (Deokar et al., 2015). The conventional wet chemical 

transfer process involves the use of polymer as a temporary supporting layer. With 

reference to the wet transfer method of copper-based graphene thin films, we 

conducted the transfer process of graphene thin films onto the prepared substrate, as 

shown in Fig. 6.5. The graphene sheet used here is a commercial product (Monolayer 

graphene on polymer film, Graphenea). Li et al. (2009a) proposed a double-layer 

PMMA transfer method, which can be used to maintain the quality of graphene. Due 

to the deposition of the second layer, it makes the first layer attached to the graphene 

thin film, resulting in a more flexible graphene thin film. With reference to the PMMA 

supporting layer transfer method, the detailed operation processes are presented in the 

next section.  

 

Fig. 6.5: Schematic structure of an AAO template onto a 50-μm gap Si/SiO2 substrate. 
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Fig. 6.6 illustrates the transfer process of graphene sheets. Poly (methyl 

methacrylate) (PMMA) was used as a supporting layer to assist the transfer process. 

In summary, the following procedural steps are involved:  

1) Utilized a magnetic stirrer to prepare 2% PMMA solution. Anisole was used as 

solvent. The stirring time was about 24 hours. 

2) Extracted a thin layer of a PMMA by spin coating. The roughness of the spin 

coated PMMA was less than 1.5 nm, resulting in a smooth and uniform layer. The 

spin coater was set as 500 rpm for 10 s, and 1500 rpm for 20 s to uniformly coat a 

thin PMMA on the top of graphene. The PMMA layer, only a few tens of 

nanometers, can support the graphene thin film during the transfer process. After 

coating, the PMMA/graphene/polymer stack was placed in the oven for 

solidifying the PMMA layer under 100C for 10 min.  

3) Immersed the stack into deionized water slowly for a while. Then, the 

PMMA/graphene layer was gradually released from the polymer base. Later, the 

polymer base sank below the water surface. The PMMA/graphene stack would 

float on the deionized water surface.  

4) Released the polymer layer, the prepared substrate was immersed into deionized 

water. Polytetrafluoroethylene (PTFE) cassette was used to hold the substrate. 

Slightly tilted the substrate 45º, aligned the PMMA/graphene stack on the center 

of the prepared substrate, and gently lifted the PMMA/graphene/substrate stack 

up from below.  

5) Took the PMMA/graphene/substrate stack out carefully and dried it in air. 

Annealed the stack on a hot plate at 150C for one hour. It is helpful to evaporate 

the surface moisture and also to improve the compactness of contact surface 

between the PMMA/graphene stack and the prepared substrate.   

6) Placed the whole stack into a vacuum chamber for 24-hour storage to further 

ensure the interface connection between the graphene layer and the target 

substrate.  
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7) Removed the PMMA layer, the PMMA/graphene/substrate stack was placed into 

acetone and water bath at 50C for 30 min, then immersed into iso-propyl alcohol 

for removing acetone for another 1 hour. Used deionized water for rinse the 

residual and dried the stack on the hot plate under 100C for 30 min.  

8) Put the graphene/substrate stack into a vacuum box for another 48-hour storage to 

improve the interface connection.  

9) Stored the graphene/substrate stack in a sealed petri dish. Before acoustic 

performance test, the graphene/substrate stack was placed into the drying oven to 

remove moisture that may attach on the material surface.  

10) Dripped conductive silver adhesive on either side of graphene edge, which can 

lock the graphene thin film at the target substrate. The curing time of conductive 

silver adhesive was about 28 hours. The prepared graphene-based TA device was 

then connected to a breadboard for test measurement.  

Fig. 6.7 shows the pictures for transfer experiment. We transferred the graphene 

thin film based on the wet method, deionized water was used to separate the graphene 

thin film from the polymer base. During the transfer process, it is difficult to align the 

graphene thin film on the center of the prepared substrate, which may lead to the 

occurrence of folds and cracks. Another issue is the interfacial problem between the 

graphene thin film and the substrate. Instability may still exist even a vacuum 

treatment was conducted to enhance the connection between the graphene thin film 

and the prepared substrate. These issues should be further considered in the future 

development as it can affect the performance of TA devices.  
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Fig. 6.6: Transfer procedures of a graphene thin film from a polymer substrate to a 50-

μm gap Si/SiO2 substrate. 

 

Fig. 6.7: Procedures of graphene thin-film layer transfer onto a prepared substrate (50-

μm gap Si/SiO2 substrate with AAO template) in the in-house Cleanroom. 
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CNT sheets are relatively strong and highly conductive for heat and electricity 

(Abdallah et al., 2020). It has a high aspect ratio and robust structure, which makes it 

a perfect choice as TA loudspeakers (Wei et al., 2013). Here, we test the TA sound 

generation ability of a suspended-on-substrate CNT, and the SEM image of a CNT 

sheet is shown in Fig. 6.8. The fabrication procedures of a CNT-based TA device are 

presented in Fig. 6.9. The drawn CNT thin film was directly put on two bars that were 

held by a flat vise. The flat vise was fixed on the one-directional sliding platform. A 

lifting platform was used to hold the Si/SiO2 50-μm gap substrate to attach at the 

undersurface of the CNT thin film. Conductive silver adhesive was used as electrodes 

at two sides. The CNT-based TA device was then connected to a breadboard for 

acoustic testing. 

 

Fig. 6.8: SEM image of a CNT thin film. 
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Fig. 6.9: Fabrication procedures of a CNT-based TA device. 

6.3.3 Sound measurement setup 

Fig. 6.10 presents the acoustic performance test in the in-house semi-anechoic 

chamber. In the figure, a microphone (B&K 4189) and a thermal camera (FLIR E65) 

were used to monitor the variations of sound and temperature levels during the test. 

Fig. 6.10(c) shows the CNT-based TA device connected to a breadboard with input 

power and resistance. A signal generator (Keysight 33500) and an audio amplifier (Sony 

CMT-M33NT) were used to generate audio signals. The background SPL within the 

semi-anechoic chamber was about 29 dB, which can be measured by the same 

equipment setup. Sound output results were then measured by a high-quality 

microphone at various distance levels away from the device surface.  
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Fig. 6.10: Acoustic performance testing: (a) Schematic of the experimental setup; (b) 

measurement equipment; (c) CNT-based TA device; and (d) graphene-based TA 

device. 

6.4 Results and discussion 

Fig. 6.11 shows the SPL profile of the CNT-based TA device in the range of 20 

Hz20 kHz. The resistance of the CNT-based TA device was around 30 Ω. The input 

power was 2.83W. In the low-frequency region (i.e., f < 20 kHz), the device exhibited 

a linear SPL spectrum. In this figure, the relatively low-frequency range, the measured 

SPL was near to the background noise level. Above 600 Hz, the measured SPLs 

increased linearly along with increasing frequency. Referring to the previous study for 

CNT thin-film speakers (Aliev et al., 2015), the sound pressure spectra of F-MWNT-F 

were reviewed (see the purple and yellow dash lines) for comparison. The fabricated 

CNT-based TA device was still limited in high SPL output comparing with the 

existing publications.  
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Fig. 6.12 shows the SPL profiles under different microphone positions (i.e., 1, 3, 

6, and 9 cm) away from the CNT-based TA speaker at 1 kHz. We observe that the 

SPLs can reach at 67 dB under a high-power supply. Fig. 6.13 plots the temperature 

variation under various input power levels. Increasing the input power, the 

temperature of the TA device would increase dramatically in the early stage until to a 

stable level. However, excessive input power may induce overheated problem. To 

avoid adverse effect, a relatively low input power is suggested here as the high 

temperature may cause damage of the thin-film based on the experience. In Fig. 6.14, 

the measured SPL profiles of the graphene-based TA device are presented. The 

measured frequency range was from 1–10 kHz. Due to the brittle reason, the structure 

of the graphene-based TA device was unstable, resulting in an instable sound output. 

In the transfer process, the graphene thin-film layer can be easier to fold. Compared to 

the CNT-based TA device, the SPL of the graphene one was relatively lower, i.e., the 

maximum SPL is at about 50 dB. Compared with the previous studies (Tian et al., 

2012; Kim et al., 2016; Bian et al., 2017), the sound intensity is still a major concern 

and further performance enhancement is required.  

 

Fig. 6.11: Sound pressure levels of a CNT-based TA device measured at a distance of 

1 cm and comparison with F-MWNT-F TA device (Aliev et al., 2015).  
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Fig. 6.12: Sound pressure levels under various AC power with different microphone 

distances.  

 

Fig. 6.13: Temperature variation of a CNT-based TA device with different input power 

levels.  
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Fig. 6.14: Sound pressure levels of a graphene-based TA device with various input 

power.  

6.5 Concluding remarks 

TA devices made of nanomaterials were investigated. The fabrication process of 

TA devices was described in this work. The SPL profiles of the devices were simply 

measured and discussed. The major findings of this work are summarized herein.  

 Both CNT- and graphene-based TA devices deployed on a 50-μm gap silicon 

substrate were fabricated for experimental studies. According to the measurement 

results, the highest SPL value of the CNT-based TA device can be up to 67 dB, 

while the graphene-based TA device is around 55 dB. Due to ultrathin thickness 

of graphene, it is still challenging to maintain high quality of the graphene layer 

in the transferring process.  

 Since CNT materials are of several orders thicker than graphene, it can maintain 

itself as a free-standing material. It can be interfaced and contacted with an 
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electrical power supply to emit higher and more stable sound output. The 

ultrathin graphene layer is still challenging in the transferring process. A 

completely suspended design is difficult. As a compromise, a high-porosity AAO 

template is used as a supporting platform to stabilize the graphene layer. After the 

transferring, a vacuum treatment is necessary to enhance the interface connection 

between the graphene thin-film layer and the supporting template.  

Although the two TA devices were fabricated, further investigations about nano-

thinfilm-based TA devices are still required. Due to the mechanical properties of 

graphene (e.g., thickness, hardness and brittleness), it leads to the performance 

reduction of graphene thin-film materials. The PMMA layer was used as a supporting 

layer for easier transfer. Yet, the residue of PMMA should be another reason to 

degrade the quality of the thinfilm. According to the aforementioned experience, 

further investigations about graphene-based TA device are the on-going work. The 

main concern about the TA devices is the sound output improvement and structural 

stability. A systematic comparison and comprehensive study will be delivered. In 

general, to go beyond the limitations of conventional vibration-based speakers, TA 

devices shows their unique advantages, such as flat frequency responses, high 

sensitivities, compact structures, and miniaturization designs, which can be an 

alternative in the next generation of acoustic devices.  
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

This project has been devoted to investigating the behavior of acoustic waves 

and its potential applications in two engineering fields, i.e., noise mitigation and air 

filtration. Both of them are relevant to our daily life and even public health. In this 

work, we have developed innovative acoustic-based technologies, which can be 

adopted as alternatives in the existing mitigation measures. 

The first part focused on investigating the acoustic characteristics and the noise 

reduction strategies. A data-driven method was considered for improvement of ANC 

system. In addition, a composite barrier was fabricated to achieve noise control. To 

further investigate the potential applications, the second part aimed to investigate the 

feasibility of an acoustic-based particle-manipulation technique; and to develop a 

new-generation TA speaker. The important findings in this research are summarized as 

follows:  

1. A learning and forecasting method, i.e., Bayesian inference based on a dynamic 

liner model approach, was utilized as a means of raw signal pretreatment in the 

ANC system. By coupling with a conventional FxLMS algorithm and a new C-

FxLMS/F algorithm, different types of reference noise signals, i.e., (i) Gaussian 

noise; (ii) sinusoidal signal with Gaussian noise; and (iii) in-situ measurement 

construction noise data, were investigated. With the characteristic of “forecast-
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observation-analysis” loop, such a learning and forecasting method showed 

advantages in the implementation of signal processing. The case studies showed 

that the pre-processing system can achieve a higher convergence speed of ANC 

systems. Consider the cost of secondary path in control systems, this forecasting 

method may provide a short-time step compensation by utilizing the prediction 

function of the Bayesian theory.  

2. To explore the use of recycled composite materials for global control of medium- 

and high-frequency noise, wood-rubber composite samples were prepared and 

tested for an all-inclusive analysis. The material tests indicated that the wood-

rubber composites show superior performance in sound insulation. To allow 

better flexibility, a PVDF thin-film speaker was studied to replace conventional 

speakers as an anti-noise source. A dual-function barrier prototype, coupling the 

recycled composites and the piezoelectric thinfilm, was then investigated for 

noise control. By implementing a scale-down model for experiment, a significant 

reduction of SPLs can be observed in the presence of barrier.  

3. A novel U-shaped acoustic-driven device was proposed, which can greatly 

enhance the removal efficiency of low-grade filters in submicron particles (0.3–

1.0 μm). Such a U-shaped configuration enables to form a standing wave field 

and to utilized synergetic effects of turbulence and acoustic waves. A prototype 

was well prepared for verification. As a standalone device, it shows a decent 

efficiency of filtration up to 61% (at 1.0 μm) when the device was driven by a 

relatively lower incident SPL (116 dB) comparing previous literatures. Coupling 

with a coarse MERV-6 commercial filter, the acoustic effect can reduce the 

presence of particles at the submicron range of 0.31.0 µm, with up to 89% 

efficiency for the removal coefficient of 1.0-µm particles. The removal efficiency 

can be flexibly enhanced by coupling the proposed design with high-grade filters. 

Furthermore, using microscopic observation, various morphological forms of 
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particle precipitation were observed, which is supportive to show the acoustic-

particle interaction within the acoustic-driven device. 

4. New-generation TA devices were investigated, e.g., a CNT-based and a graphene-

based TA device, to provide a feasibility study. The gap separation effect was 

reviewed, such that a 50-μm gap substrate was prepared for TA device structure. 

We went through fabrication process of TA devices and measured their acoustic 

output. Yet, due to the ultrathin thickness, we found out that it is still technically 

difficult for the fully suspension of graphene thinfilm. Thereby, a high-porosity 

(up to 90%) anodic aluminum oxide template was used to maintain the ultrathin 

layer. According to the measurement results, the highest SPL output of the CNT- 

and graphene-based TA devices can be up to 67 dB and 55 dB, respectively.  

7.2 Limitations and recommendations for future work 

In this project, we provided an in-depth understanding of the acoustic waves and 

its potential applications, which may offer some guidelines to industrial applications. 

Despite the important works as aforementioned, there is still ample room for further 

investigation. The following problems should be considered in the future study.  

In this research, a pre-processing approach coupling with an adaptive control 

algorithm is investigated. Although it can improve the convergence speed, the pre-

processing system is only valid for information inference within a short-step period. 

Hence, further investigation will extend to the time period issue of this pre-processing 

system. On the other hand, the computational effort would be increased when the 

Bayesian-based approach is incorporated with an ANC system. With development, 

this problem may be fixed by designing an ad-hoc intelligent controller that can 

reduce the computational complexity with the use of Bayesian inference. Therefore, 
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increasing the computational complexity can be compensated to achieve a better 

adaptation system in real-engineering environments.  

On the other hand, although a dual-function barrier design is considered in this 

work, there are still obstacles in achieving a global noise attenuation via ANC. To 

create a larger quiet zone whilst minimizing the adverse impact to other areas is still a 

challenge. The reason is that there are uncertainties for ANC systems when they are 

adopted in open-space applications. To achieve a capacious quiet zone, the required 

number of secondary sources for sound attenuation would increase geometrically (Hu, 

2019; Hu and Tang, 2019), thereby resulting in design and installation difficulties 

(Kuo, 1996). According to the proposed approach, an optimization design is required 

to progressively alleviate these issues. For instance, the optimization of the number 

and position of secondary source will be critical to enhance performance. Moreover, 

another issue is to investigate the flat and stable frequency responses of PVDF thin-

film speakers with lower high-order harmonic distortion. In general, the use of ANC 

systems has great potential in future applications, but it also contains realistic 

limitations. At this stage, the passive control is still dominant.  

Although a U-shaped acoustic-driven device has been presented, it sacrifices a 

portion of air flow rate within the mechanically ventilated systems. By presenting the 

physical boundaries, the proposed configuration can achieve particles manipulation 

under lower SPL requirements, unfortunately, the air flow rate is inevitably reduced. 

In practical application, the velocity of airflow for ventilation main ducts in various 

use classifications, e.g., hospitals, theatres, and offices etc., is usually in the range of 

5–15.2 m/s (Grondzik et al., 2009). Targeting at this issue, we will attempt to further 

investigate an embedded U-shaped array device, which can achieve particle filtration 

using the synergistic effect (i.e., turbulence effects and acoustic trapping). This design 

should maintain a sufficient flow rate within the ventilation ducts. Not limited to this 

issue, we will also consider the influence of higher airflow rates on the working 
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efficiency, and the sensitivity of acoustic frequency on various particle sizes. To 

realize an intelligent control in ventilation systems, an adaptive feed-forward control 

mechanism, consisting of flow sensors, actuators and controllers, can be used to 

integrate with the acoustic-driven device.  

Finally, in the experimental process of CNT- and graphene-based TA devices, a 

precision operation process still needs to be further explored to maintain the quality of 

nano-thinfilms during the process. To provide a uniform distribution of graphene 

across Si/SiO2 substrate, Raman spectroscopy and optical microscopy with lower 

magnification should be performed. Moreover, the persistence of acoustic 

performance of the CNT- and graphene-based TA devices is another crucial point that 

is worth studying in the future work. In general, the investigation of such a new-

generation TA acoustic device is an irreversible trend as it contains various superior 

properties, e.g., flat-band frequency responses, high-intensity outputs, compact 

structures, and miniaturized systems. To meet all of the requirements for realizing 

practical applications, extensive investigations are required in the future work. 
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