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Abstract

With the development of society, on the one hand, industrial and traffic noise
pollution has become a serious problem, and on the other hand, people's demands
for a high-quality living environment are also increasing. Thus, the issue of noise
pollution, which significantly impacts life quality, is receiving increasing
attention from researchers around the world. Recent advancements have seen
sound absorption materials evolve from basic porous materials and micro
perforated plates to sophisticated acoustic metamaterials, exhibiting
progressively superior performance. However, these materials typically lack the
desired combination of sound absorption performance and strength, as sound
absorption capacity and mechanical robustness are often inversely related.
Therefore, this study first improved the micro perforated plate-honeycomb
structure, utilizing the principle of hierarchical pore structure to greatly enhance
sound absorption ability in the low frequency range without significantly
changing the weight of the structure. Subsequently, a folded structure made of
woven fabric composites was designed using the concept of origami. The results
showed that the folded structure can maintain the sound absorption coefficient
over 0.4 in the range of 400-6300 Hz, realizing broadband sound absorption.
Finally, membrane metamaterials was combined with the folded structure to
achieve the lightweight, high-strength, and high-efficiency sound absorption
ability. The finite element model and theoretical model were established to
analyze the sound absorption mechanisms of the structures. This research
provides the theoretical basis and design ideas for lightweight and high-strength
sound absorption composite materials. The resulting structure is not only
functionally effective but also simple and easy to manufacture, indicating
significant potential for engineering applications and scientific advancement.

Keywords: Sound absorption, multi-functional materials, composites materials.



Table of Contents

Design, Preparation and Mechanism Study of Lightweight Composite Materials for

Integration of Sound Absorption and Structural Bearing ............ccccuvvvivecninnerecieneen i
F N o1 Tt TP U TP VP URUTPR ii
Table Of CONLENTS........ccoiiiii e iii
List Of FIGUTES ...oooiiiiiiiiiii i s \%
LSt OF TaADIES ..ottt sr e nr e nre e nreenre e viii
ACKNOWIEAZIMENL.......oiviiiciiiiiicces e ix
FN o] o) (51 15 o) 1 TP TP T UPURUTPR X
Chapter 1 INErOAUCHION ... 1
1.1 BACKEIOUN ......ocvviiiiiiiiieiiiieie e s 1

1.2 Motivations of the ReSearch...........ccocviiiiiiiiiiiii e 2

1.3 Aims and ObJECtIVES.......cvriiiiiiiiicie e 4

1.4 Thesis OULIINE. .....cciuieiieiiiiieitee e 6
Chapter 2 LIterature TEVIEW ......ccciiiiiiiiiiii i 8
2.1 The Research about Sound Absorption Materials...........ccooeeeiiiiiiiiiiiicis 8
2.2.1 POPOUS MALETIALS ......oveieiiiiiiii it 9

2.2.2 Micro perforated plate SIrUCIUTE ...........cc.ccevviieiiiiniinese s 13

2.2.3 ACOUSEICS MELAMALEVTIALS ..ot s 15

2.2.4 The combination sound absorption SIUCIUTE ............ccvcvrcincinceiniinneninns 19

2.2 The Research about the Integration of Sound Absorption and Structural Bearing2 1

2.2.1 The improvement of micro perforated plate Structure ...............cccccveueeee. 22

2.2.2 Metal fOAM...........ccoeeeiiiiiiiiicii e 25

Chapter 3 Sound Absorption Performance of a Micro Perforated Sandwich Panel with
Honeycomb-hierarchical Pore Structure Core..........ooviiiriiiiiiiicii e 29
3.1 EXPEIIMENE ..o s 29
3.1 PYEPATALION. ...ttt 29

3.1.2 Sound absorption performance teSt ..........cccoocuuvenveeiveiicnieeiieenee e 32

3.2 Analytical MOdel ........cccoviiiiiiiiiiic 37
3.2.1 Analytical model of micro perforated panel ................ccccccooevviniinicnincns 40

3.2.2 Analytical model of the double porosity materials ...............ccocevecrecnncns 41

3.2.3 Results of analytical modelling..............cccccoocevviniiiiiiiiiiiic e 44

3.3 Finite Element Analysis (FEA).......cccoooiiiiiiii e 46
3.3.1 Finite element MOdel ...............ccooevviiiiiiiiiiiic e 46

3.3 2 ReSUILS Of FEA ..ottt 49

3.4 The Influence of the Parameters .........ccocceeriiiiiii i 52

3.5 COMNCIUSION ...ttt e b e bbbt bbb bbb e 54
Chapter 4 Sound Absorption Performance of Folded Structures Prepared from Woven
Prepreg and Porous Materials COmMPOSILES.......cceeveriiinieiiiinriseee e 56
4.1 EXPEIIMENL ...ttt 57
4.1.1 Materials and fabriCAtion ................cccouvvvceiiiiiiiiieiii e 57

4.1.2 Sound absorption teSt SYSIEM..........c..ccuviiieceeiiiiiieeie e 62

4.1.3 EXperimental FeSUlLS .........c.cccovuiiiieciiiiiiiece i 63



4.2 TheoretiCal MOEL.........uuviiiiiiiiiiiiiieee et e e e re e e e e e 65

4.3 Parametric Investigation of Sound Absorption Performance ..............ccccoevnrrnee. 72

4.4 CONCIUSION ....eevtietietieitee ettt nr e sr e sb et e e sreesb e e sr e e sreesreesneenreenreens 76
Chapter 5 A Novel Membrane-coupled Foldable Structure with Low Frequency Sound
Absorption and Vibration Isolation Performance............c.ccocooveevniniiinninncesc e 79
5.1 Materials and Methods .........cccoiiiieiiiiiiic e 81

S L d MALETIALS. ..o 81

5.1.2 CAD models and 3D Printing ...........cccocoovvveiiiiiiiiiicii e 82

5.1.3 Mechanical testing................c.ccoovvviiiiiiiiicii i 83

5.1.4 Sound absorption teSting ............cc.cceeviiiiiiiiiiinic 84

5.1.5 Vibration isolation testing ..............ccccovvviviiiiiiiici i 84

5.1.6 Finite element modeling ................cccccovviiviiiiiiiiiii e 85

5.2 Results and DiSCUSSION ........eeivieriieiiieiiieiieesie e 86
5.2.1 Sound absorption PerformanCe.............cccuoeuvervienieciie i 86

5.2.2 Vibration isolation test FeSUulLs .............ccuvvveiiiiiiiiiniiii e 91

5.2.3 Mechanical performance.................cccouvivciiiiiniinii e 93

5.3 CONCIUSION ...ttt sttt ettt sttt bbb sbeesnn e 100
Chapter 6 Overall Summary of the Thesis and Future Plan...............cccocovviiniinnnnn 103
6.1 The Summary of the Research...........cccoceeviiiiiiiiiii e 103

6.2 FULUTE WOTKS ...ccuviiiieitieiee ettt 106
Appendix A The Matlab Program for the Theoretical Model in Chapter 3 ...................... 109
Appendix B The Matlab Program for the Theoretical Model in Chapter 4...................... 112
Appendix C The Publications During the PhD Period ............ccocvciiiiiiiicic 116
RETEIENICE. ..ottt 117



Fig
Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig

List of Figures

. 1.1 The logical framework of the thesis...........ccccorvnirciniiinici e 6
. 2.1 Schematic of the sound energy conversion in materials...........cc.cooeevrriniinnenns 8
2.2 (a) Typical micro perforated plate structure and (b) its equivalent circuit [62].

(Here p is the air pressure, p is the density of the air, c is the velocity of the air, R
is the acoustic impedance of the micro perforated plate, M is the acoustic mass of
micro perforated plate and Zp is the specific impedance of the cavity. .............. 15
2.3 Active AMs sound absorption system: (a) electrically driven laminated active
acoustic metamaterials with PVC plasticization[89], (b) helical acoustic meta
surface capable of providing a modulated sound-reflected wavefront and a
continuously tunable broadband feature [92], (c) acoustic metamaterials by active
control of the dynamic density [97], (d) Tunable broadband multi-function
acoustic meta surface by nested resonant rings [95]......cccovvrveerieeiieninnienieneee 17
2.4 Typical acoustics metamaterials: (a) membrane acoustics metamaterials [83],
(b) meta-porous materials [107], (c) space-coiling fractal acoustic metamaterials
[112], (d) classical space-coiling acoustic metamaterials [110], (¢) Helmholtz
resonators AMs with various depth cavities [116]........ccccovviriirnniiniiniinien, 19
2.5 The improvement of micro perforated plate structure: (a) multi-layer helmholtz
resonators with extended necks [140], (b) Adjustable sound absorption frequency
honeycomb-MPP structure [150], (c) Compact multifunctional meta-structure and
geometric topology of the single sound-absorbing component [151], (d) An
absorptive barrier comprised of a micro-perforated membrane facing and a

corrugated Miura-ori Sheet [152].....ccoveiiiiiiiieiieieeiee e 24
2.6 Common metal foams: (a) A opened-cell aluminum foam cylindrical specimen
[172], (b) A closed-cell aluminum foam cylindrical specimen [173]. ................ 26
3.1 3d models of: (a) the honeycomb panel with hierarchical pore structure, and
(b) the details for a single cell within this structure............ccocovveiiiiiencienee 30
3.2 Dimensions of the structure: (a) top face sheet (b) honeycomb..................... 31

3.3 The preparation of carbonized cotton: (a) tube furnace (b) carbonized cotton.

............................................................................................................................ 31
3.4 Preparation of specimens with a hierarchical pore structure. .............ccoce..... 32
3.5 Impedance tube testing SYStEM. .......ccevviiiiiiieiiii e 33
3.6 The principle of impedance tube test. .........cocvvriiriiriiniiiee e 34

3.7 Sound absorption performance test results of all samples. The shadow around
the curves shows the standard deviation from the mean of three samples. ........ 35
3.8 Comparison of average sound absorption coefficients across existing literature.

............................................................................................................................ 36
3.9. 2D model of the sound absorbing honeycomb. ............ccoovvveiinininenccinnn, 39
3.10 Process of sound wave propagation through the sound absorbing structure.

............................................................................................................................ 39
3.11 Honeycomb structure decomposition for 2D modeling. ..........cc.coeveveirnnnn. 39
3.12 The results of analytical modeling compared with experimental data for the
carbon cotton and hierarchical pore StrucCtures. ..........ccovvevveriiiisieeiinineseesenns 45

. 3.13 The structure of a single cell within an impedance tube. .............ccceeevrnnnn. 47

Vv



Fig. 3.14 Load application and meshing method of the FEA model ............c..c.e..... 48
Fig. 3.15 Average carbonized cotton diameter measured using SEM. ............c.ce.eee. 49
Fig. 3.16 The pressure (Pa) distribution of micro perforated sandwich panel with
honeycomb-hierarchical pore structure (6000 HZ). ........ccoevininieeniiinninenee, 51
Fig. 3.17 Comparison of FEA and experimental sound absorption results for the two
QITETENE STIUCTUTES. ....veeveeeieiee et sreenree 51
Fig. 3.18 Comparison of FEA, analytical model, and experimental results for: (a)
carbonized cotton, and (b) hierarchical pore Structure. ...........ccoceeverivninierinnnens 52
Fig. 3.19 The influence of the parameters of the structure: (a) The height of the structure,
(b) the Diameter of the hierarchical pore structure, (c) the Diameter of pores on
the micro perforated plate, (d) the Perforation rate of the micro perforated plate,
(e) Thickness of the micro perforated plate and (f) the type of the porous materials

(POTOSILY ). c.veetteteeitee sttt r e bbb e sr e sb e e sr e e sbeesbeesreenreen 52
Fig. 4.1: Woven ramie prepreg:(a) Vertical view;(b) Front view;(c) Microscopic view.
............................................................................................................................ 58
Fig. 4.2 Hot-press Machine. ..........cccovviiiiiiiiiisie s 59
Fig. 4.3: Composite materials:(a) Vertical view and microscopic view (b) Front view
ANd MICTOSCOPIC VIEW. .vervviiiiiiiiiiiiiii s 59
Fig. 4.4: 3D-models of: (a) the folded structure and; (b) the geometric parameters of
the folded structure Unit Cell. ........coovviiiiiiiiiiiii 61

Fig. 4.5: Folded structure samples for sound absorption tests: (a) at low frequency, (b)
at high frequency, (¢) 3D model of low frequency sample, (d) 3D model of high

frequency SAMPIe.......cccoovviiiiiiii i 62
Fig. 4.6: Sound absorption test SYStEIM. ........ccvveeriiiiiiiiie i 63
Fig. 4.7: The influence of different materials and structures on sound absorption ability:
(a) sound absorption coefficient curves, and (b) experimental setup. ................ 64
Fig. 4.8: Extracting the minimum unit cell of the structure............c..coceriiiiiinnnn 66

Fig. 49 The sketch of different structures: (a) Helmholtz resonance (b) Micro
perforated plate structure with a flat plate (c) Micro perforated plate structure with

an INCHNEd Plate.........coviiiiiiiiii 66
Fig. 4.10: The simplified model of the folded structure: (a) Minimum cell of the folded
structure, (b) The equivalent model of the folded structure..............ccccoeeveennne 67
Fig. 4.11: Analytical diagram of the equivalent model for the folded structure. ........ 70

Fig. 4.12: The theoretical model and experimental results of the folded structure..... 72
Fig. 4.13: The theoretical model and experimental results of the composite materials.

Fig. 4.14: The influence of the thickness of composite materials in folded structure on:
(a) Sound absorption coefficient, and (b) The specific acoustic impedance
(resistance, Re, and reactance, Im). ........ccocoveeiiiiiiiinniii e 74

Fig. 4.15: The influence of the height of the whole structure on: (a) Sound absorption
coefficient, and (b) The specific acoustic impedance (resistance, Re, and reactance,
TN, e 75

Fig. 4.16: The influence of the inner cavity height in folded structure on: (a) Sound
absorption coefficient, and (b) The specific acoustic impedance (resistance, Re,

Vi



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig

and reactance, IM)......ccoceeeeiiiiiieie e 76
5.1 The drying DOX ....cccvvirririeiiiieieiec e 82
5.2 Schematics of the foldable structure: (a) CAD model with dimensions and (b)
the sample fabrication ProCESS. .........ccuvvririeiriniieeeise e 83
5.3 FE model of the (a) impedance tube, (b) sound absorption structure, and (c)
foldable frame StIUCTUIE. ......civveiieiiee et s sre e e sree 86
5.4 The sound absorption coefficient of the foldable structure with different mass
block diameters. The shadow around the curves shows the standard deviation from
the mean of three samples. ..o, 89
5.5 The sound absorption coefficient curve of the foldable structure with 6mm
mass block diameters. The red arrows show the positions of the sound absorption
peak frequencies predicted by the finite element model...........ccoceviiiiiniennne. 90
5.6 The sound absorption coefficient curve of the foldable structure with 8mm
mass block diameters. The red arrows show the positions of the sound absorption
peak frequencies predicted by the finite element model.............ccocvvviiriirnnnn, 90
5.7 The sound absorption coefficient curve of the foldable structure with 10mm
mass block diameters. The red arrows show the positions of the sound absorption
peak frequencies predicted by the finite element model.............cccocvvviiriirnnnnn, 91
5.8 The strain of the membrane in foldable structure with 8mm mass block (a)All
membranes (b) ONe MEMDTANE...........ccoreereireereeree e 91
5.9 Vibration isolation test: The testing sample of the (a) PLA foldable
metamaterials and (b) honeycomb structure, along with the (c) transmissibility of

DOth SITUCLUTES. ..veiivviiiiiiiitii et e e 93
5.10 Samples for mechanical testing: (a) Foldable structure (b) Honeycomb
STTUCEULE. 1.ttt ettt ettt ettt st e e e s bt e e st b e e e s sab b e e e s ebbe e e e sabbe e e s snreas 94

5.11 The Compression testing of the foldable structures with several cells........ 95
5.12 Compression testing of the honeycomb and foldable structures: Images from
the beginning (a) and end (b) of testing, along with the load-displacement curves

of honeycomb and foldable structures (One group). .......coceevveereereereereesieeneens 96
5.13 Mechanical testing sample of Al sample: (a) Frame structure before assembly
(D) Foldable StrUCLUIE .......coviviieiiieeiiie ettt 97
5.14 Mechanical testing sample of CFRP sample: (a) Frame structure before
assembly (b) Foldable StruCture. ..........cooueiieiieiieiie e 98
5.15 Compressing testing results (One sample). ........ccccevevviirieniinieeie e 99
5.16 Ashby charts displaying the properties of compression strength and density
in this work and some latest references[233-244], reprinted from [232].......... 100
. 6.1 The characteristics of three WOTKS. ..........ccoviiriiiiiiinnn 104

vii



List of Tables
Table 3.1: Parameters of theoretical models to predict the sound absorption coefficient

of the different STrUCTUTES. ......ccvveiieieeie e 45
Table 4.1: Geometric parameters of the folded structure unit cell..............cocvevrrnnnne. 61
71

Table 4.2: Relevant parameters of the theoretical model
Table 5.1 Compression properties of honeycomb structure and foldable structure.... 99

viii



Acknowledgment

Over the course of my PhD study and writing of this thesis, I would like to
express my thanks to all those people who have helped me.

First, I would like to thank my principal supervisor Prof. Xiaosu Yi. Prof. Yiis a
person with profound knowledge and the desire for discovery. Although working
on a very busy schedule, he still answers my questions promptly and gives me
generous support and guidance. It is my honor to follow him and complete this
research, I believe his personality and calm attitude towards difficulties will be
treasured throughout my whole life.

I also want to thank my supervisors Prof. Xiaoling Liu, Prof. Jian Yang, Dr.
Robert Pierce, and internal reviewer Prof. Halim. They have provided me with
kind and rigorous mentoring and proposed important comments about this
research.

And my warm gratitude also goes to my friends and colleagues. Thanks to Zhao
Liu and Jiafei Gu for their help with my experiments and papers. Thanks to
Sicong Yu, Dongyuan Hu, Minqiang Jiang, Lu Tong, Xiaoye Cong, Saihua Li,
and Xin Wang for their care for me. I also thank Zhiyuan Chen, Liyue Zhang,
and Minghui Wu for their companionship on the path of the PhD. I would like
to thank all the people who help me, care about me, and support me. I really wish
them all the best in the future.

Lastly, I want to express my appreciation to my wife Yujie Yao, and my parents.
Thanks for their patience in listening to my complaints and helping me manage
the pressure. They have given me much encouragement at every moment I feel

lost and confused. They give me a haven that I can forever return.



Abbreviations
AMs: Acoustic Metamaterials
CFRP: Carbon Fiber Reinforced Plastics
FEA: Finite Element Analysis
FSI: Fluid-Structure Interaction
JCA: Johnson-Chamoux-Allard
MWCNTs: Multi-Walled Carbon Nanotubes
MAM: Membrane Acoustics Metamaterials
MRS: Magnetic Resonance Imaging
MPP: Micro Perforated Plate
PEO: Plasma Electrolytic Oxidation
PLA: Poly Lactic Acid

UTM: Universal Testing Machine



Chapter 1 Introduction

1.1 Background

With the rapid development of society and technology, noise pollution has
become one of the leading environmental risk factors for health in the world. A
study based on disease data in Europe by the World Health Organization showed
that traffic noise is associated with 600-1200 disability-adjusted life years per
one million people, which is the second highest environmental risk [1]. For
China, the Ministry of Ecology and Environment of the People’s Republic of
China issued the annual report on the prevention and control of noise pollution
in China in 2022. The report counted the 45,000 environmental complaints in
2021, the noise issues accounted for 45% of all complaints [2].

In physics, noise is defined as the sound wave generated by random
vibrations of any matter. However, because noise is more a subjective
assessment than an objective fact, we usually define any unwanted sound
including unpleasant, loud, or disruptive to hearing as noise [3]. Noise not only
hurts quality of life and working efficiency but also will truly harm human health.
Extensive research has proved that transportation noise can lead to negative
health effects in adults and children including blood pressure changes, ischemic
heart disease risk, sleep disturbance, hearing loss, and so on [4-9]. At present,
unaddressed hearing loss is the third largest cause of disability globally. It is

mentioned in the World Report on Hearing that nearly 1 in 4 people are expected



to have hearing problems in 2050 [10], where noise pollution is one of the main
causes of hearing loss. In view of this, noise suppression has attracted wide
attention to satisfy the demand for health and high quality of life.

Normally, there are three main methods to control the noise: controlling the
noise source, noise reduction at the transmission path, and protection at the
receiver end. Controlling the noise needs to give a specific design for each noise
source, for instance, changing the process method, adjusting the working hours,
etc. The protection at the receiver usually refers to the use of earmuffs or earplugs
to reduce the noise. It can be found that these two methods are not general
enough, thus this research concentrates on the second method which is mainly

achieved by sound absorption materials.

1.2 Motivations of the Research

With the development of society, on the one hand, industrial and traffic
noise pollution is becoming a serious problem, and on the other hand, people's
requirements for the high quality of their living environment are also increasing.
Therefore, the issue of noise pollution, which is closely related to the quality of
life, is receiving increasing attention from researchers around the world.
Meanwhile, the sound absorption ability and mechanical strength of materials
are often a pair of contradictory physical quantities. At present, sound-absorbing
materials generally lack the mechanical characteristics of lightweight and high-
strength. However, in addition to the demand for the sound absorption

performance of sound absorbing materials, their mechanical properties and
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weight are also factors that cannot be ignored in practical applications. For
example, a lightweight, high-strength sound-absorbing material can achieve
energy conservation and emission reduction more easily in the design process of
cars, airplanes, or walls. The motivation of this research is based on the desire
for energy-saving and emission reduction, the study hopes to solve this problem
and prepare a novel structure that can achieve sound absorption, high strength,
and lightweight at the same time.

At present, there are three main methods in sound absorption: micro
perforated plate, porous materials, and acoustic metamaterials. Although each
method can achieve the aim of this study, different methods have their
advantages and disadvantages (as shown in Table 1.1), therefore, to show the
potential of different kinds of methods in multifunctional sound absorption
materials, this thesis uses different kinds of methods to achieve lightweight and
load-bearing sound absorption materials.

In this study, the combination design strategy is the core idea and the core
issue lies in how to make trade-offs and how to combine them more
harmoniously together. Chapter 3 selects a micro perforated plate, and porous
materials as the acoustic part and chooses a honeycomb structure as the structural
part, the results show an excellent sound absorption ability but the diverse
elements also make the structure appear overly complex. Chapter 4 only
combined micro perforated plate and porous materials, trying to use micro

perforated plate acts as a structural component. At last, the simple structure can



absorb sound effectively but the overly thin micro perforated plate cannot bear
the load-bearing responsibility. Chapter 5 abandons the idea of using a micro
perforated plate for load-bearing, opting instead to directly use a solid frame for
support. At the same time, it utilizes membrane acoustic metamaterials in the
gaps of the frame for sound absorption. Although the structure is slightly more
complex compared to the previous chapters, it effectively achieves the initial

goals set for this research.

Table 1.1 Advantages and disadvantages of different design strategies

Design strategy

Advantages Disadvantages

Micro perforated
plate

Porous materials

Simple manufacturing; strong design ability; good Narrow sound absorption
sound absorption performance at resonance frequency  frequency
Simple manufacturing; broadband sound absorption; Limited designability; bad

good sound absorption performance at high frequency  sound absorption in low

frequency
Acoustic Low frequency sound absorption with thin thickness Complex manufacturing
metamaterials
Combination method  Combination of advantages of different design Complex manufacturing

strategies

This research provides the theoretical basis and design ideas for lightweight
and high strength sound absorption composite materials. At the same time, the
structure also has the characteristics of simple structure and easy processing,
which shows good engineering application value and scientific significance.

1.3 Aims and Objectives
It can be found that there are three core issues in different sound absorption

methods: broadband sound absorption, low-frequency sound absorption, and



simple manufacturing. Therefore, this research focuses on these three parts,
using porous materials to enhance the broadband sound absorption ability of
MPP, and hierarchical pore structure to improve the low frequency sound
absorption of porous materials. Although each of these design strategies has been
studied before, it is still not clear the mechanism between them and how to use
them to manufacture a sound absorption structure effectively. Meanwhile, a
honeycomb structure is a common method to achieve load-bearing in sound
absorption structure because of its high strength and lightweight. However, the
honeycomb structure also caused complex manufacturing when researchers
hoped to improve it to achieve better acoustic performance as it occupied the
most volume with a limited contribution to sound absorption. Therefore, this
research designed a folded structure with membrane acoustic metamaterials to
achieve load-bearing, lightweight, and simple manufacturing.

Because the MPP-honeycomb structure is one of the most common sound
absorption structures, the primary aim of this research is to use the MPP-
honeycomb structure as a comparison, develop a structure or a material that can
achieve sound absorption, high-strength and lightweight at the same time. Based
on this, this thesis also seeks the mechanism of the sound absorption materials
to optimize the sound absorption materials. In addition, this study also intends
to demonstrate the application potential of the structures.

To achieve these aims, the following objectives have been set:

(1) Optimize the typical MPP-honeycomb sound absorption materials to



obtain a better sound absorption ability.

(2) Design the novel folded sound absorption structures to achieve simple
manufacturing, lightweight, and load-bearing.

(3) Establish the theoretical model of the structures.

(4) Establish the Finite element analysis (FEA) model of the structures.

(5) Characterize the sound absorption structures.

1.4 Thesis Outline

Micro perforated plate

« Lightweight

Sound 4 Chapter 3
absorption Porous materials
design
strategy
% Load bearing
Acoustic metamaterials 1 Chapter 4

Honeycomb structure 7 Sound absorption

structure

strategy ) ;
+ Chapter 5

* Simple manufacturing

Folded structure
Fig. 1.1 The logical framework of the thesis
Chapter 2 showed the recent studies' development and the current status of
research in sound absorption materials and integration of sound absorption and
structural bearing.
Chapter 3 proposed a new micro perforated sandwich panel with a
honeycomb-hierarchical pore structure core in this study. Carbonized cotton with

a hierarchical pore structure is combined with a micro perforated honeycomb
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core sandwich panel, which enhances the sound-absorbing performance of the
structure without significantly increasing its weight.

Chapter 4 designed and fabricated a composite material composed of a
woven prepreg and ventilated felt designed and prepared in the form of a folded
structure to obtain excellent sound absorption performance. Absorption
experiments of the woven prepreg, composite materials, and folded structure are
carried out respectively.

Chapter 5 redesigned the structure in Chapter 3, and presented a
membrane-coupled foldable structure that incorporates mass blocks for resonant
damping. The sound absorption, compressive strength, and vibration control
properties have been studied.

Chapter 6 summarizes the research findings and considers possible future

research based on this thesis.



Chapter 2 Literature Review

2.1 The Research about Sound Absorption Materials

Once the sound wave comes into a material, the energy of the incident
sound wave will convert into three types of energy: refection sound energy,
absorption sound energy, and transmission sound energy (As shown in Fig. 2.1).
The sound absorption is defined as the loss of sound energy in the process of the
sound wave contact with a material. The method of sound absorption is

increasing the absorbed energy in the process of propagation.

Incident sound wave /

Sound transmission

Sound refection

Sound absorption

Fig. 2.1 Schematic of the sound energy conversion in materials

The sound absorption coefficient is the ratio of the absorption sound energy
and incident sound wave energy. Impedance tube and reverberant room are two
main ways of testing the sound absorption coefficient for sound absorption
materials. In general, an impedance tube is used for small and regular samples,

and a reverberant room is used for large and irregular samples. Besides, the



impedance tube can only measure normal incidence sound absorption coefficient
while the reverberant room can test with a diffuse sound field [11-13]. Although
reverberant room measurement is closer to many practical applications,
impedance tube measurement is more common in the laboratory as it is
convenient and lower costs.

In general, the average sound absorption coefficient in 125 Hz, 250 Hz, 500
Hz, 1000 Hz, 2000 Hz, and 4000 Hz can represent the average sound absorption
coefficient for a material [3]. The sound absorption materials means the average
sound absorption coefficient of the materials can exceed 0.2. However, this
definition isn’t available for the materials that is designed for specific frequency
sound absorption. The method of sound absorption is increasing the absorbed
energy in the process of propagation. The sound absorption mechanism can be
mainly divided into two parts. One is the friction between the sound wave and
the materials can transform the sound power into internal energy, the other is the
resonance between materials and the sound wave consumes the sound power. At
present, there are four main design strategies for sound absorption materials:
porous materials, micro perforated plate structure, acoustics metamaterials, and
the combination sound absorption structure.
2.2.1 Porous materials

Using porous materials (such as glass wool [14], mineral wool [15], and
rock wool [16]) is a common way to achieve sound absorption by using friction

between materials and sound waves. Porous materials have a large number of



tiny, interconnected pores inside the materials, which means sound can penetrate
into the materials along these pores. This process will transform sound energy
into heat energy by friction. Therefore, friction is the main sound absorption
mechanism for porous materials. Previous research on porous materials can be
roughly divided into two directions: the first direction is foam porous materials
[17-19] and fiber porous materials [20-22].

Foam is the most common porous materials because it can adjust internal
pore structure by changing the chemical composition or optimizing formulation.
Generally, changing the type and ratio of matrix materials, foaming agents,
surfactants, and catalyzers is the main method to obtain excellent sound
absorption performance. Hosseinpour et al. [23] filled multi-walled carbon
nanotubes (MWCNTs) into ethylene-propylene-diene-monomer rubber to
fabricate a novel elastomeric nanocomposite foam. The sound absorption ability
of the foam with different MWCNTs content is compared to investigate the
influence of the MWCNTs filler. The results showed that the sample with 0.1phr
(parts per hundred rubber) MWCNTs has the best sound absorption coefficient.
At present, the common sound absorption foam includes metallic foams [24-27],
polyurethane foams [28-30], ceramic foams[31-33], Inorganic polymeric foam
[34], et al. Besides, the combination of different fillers (e.g., kenaf fiber [35],
wool fiber [16], inorganic filler [28], et al. ) and matrix is also a common method
to improve the sound absorption performance of foams. In this process, fillers
can improve the flow resistance and tortuosity of the foams which means more
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sound energy will be converted into internal energy during the sound wave
transmission process.

Fiber porous materials refers to the sound absorption materials made by
inorganic or organic fibers. Inorganic fibers (including metal fiber [36-38], glass
wool [14], rock wool [39], et al.) are mainly applied to high temperature
environments as they usually have high heat resistance. Organic fibers (including
flax fiber [40], cotton [41], Wooden fiber [42], et al.) are widely used in building
and decoration filed owing to the characteristics of low cost, renewable, and
environmental protection [43]. Reprocessing these fibers to achieve better sound
absorption performance is the main research method. Bhingare et al. [44]
prepared porous materials with coconut shell fiber with different thicknesses and
densities. The experiment results found the best sample and proved the porous
materials has a good sound absorption ability.

Based on these research about porous materials, there are also some
researchers who focus on the relationship between sound absorption
performance and the parameter of porous materials to better understand and
predict the sound absorption of porous materials [45-47]. Hirosawa et al. [48]
considered the influence of fiber cross-section on the sound absorption
performance of fiber porous materials by finite element analysis. Circular,
elliptical, three arrows, and six arrows were studied in this research, and the
sound absorption performance of materials with different cross-sections was
evaluated by the Johnson-Chamoux-Allard (JCA) model. The results showed
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that the sound absorption performance was related to fiber cross-sections,
therefore changing the cross-section shape was a method to improve the sound
absorption performance of materials.

However, porous materials can only absorb sound effectively when the
thickness of porous materials exceeds 1/4 of the wavelength, which means the
porous materials often have poor sound absorption performance at low
frequencies [3]. Compared with other noise, low frequency noise is notoriously
difficult to reduce in many applications, such as dwellings, walls, and hearing
protection [49-51]. While the commonly stated range of human hearing is 20 to
20,000 Hz, it cannot be ignored the low frequency noise. Evidently, this low
frequency performance can be compensated by increasing the thickness of the
porous materials [52], but such increases in thickness are not always feasible
from a structure design perspective. To solve this problem, researchers have
found that increasing the pore size of porous materials can have a beneficial
effect on their sound absorption properties [53]. However, a uniform change in
regular pore size has only limited benefits, instead, researchers have attempted
to make the materials with apertures of different sizes to provide a more tortuous
propagation path and larger influence range. Hence, the concept of a hierarchical
pore structure was proposed [54-61]. Shen et al. [55] combined cellulose
nanofiber and melamine foam in order to form a hierarchical porous fiber
materials. Experimental testing showed the noise absorption performance of the
new composite materials at 500 Hz to increase by 104%, and the noise reduction
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coefficient to improve by 80%. Cai et al. [56] presented a type of carbonized
cotton that has controllable hierarchical porosity to improve sound absorption
performance over selective frequency ranges. According to their experimental
results, the low-frequency sound absorption performance of the materials was
improved significantly by this method.
2.2.2 Micro perforated plate structure

Micro perforated plate structure is composed of a micro perforated plate
and an air cavity behind the plate (As shown in Fig. 2.2). Compared with porous
materials, it uses the resonance between air in the cavity and sound wave to
achieve sound absorption. The micro perforated is a perforated panel with
perforations reduced to the submillimeter level so that the flow resistance itself
will be enough to match the characteristic impedance of surrounding air to obtain
a good sound absorption performance. Maa [62] first presented the theory of the
micro perforated plate structure. Then, some research found that the sound
absorption performance of variable cross-section perforated plates often had a
better performance than that of straight holes. Wang et al. [63] proposed a multi-
layer composite structure that could achieve effective sound absorption at
medium and low frequencies by combining variable cross-section ethylene-
propylene-diene monomer foams and perforated plates. The results showed that
the structure could get the best sound absorption effect in 300-1300 Hz. Artificial
fish swarm algorithm and improved particle swarm optimization were presented
to optimize the structure parameters of the structure. Liu et al. [64] proposed a
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sound absorption structure of perforated porous materials with variable cross-
section backed with Helmholtz resonant cavity. Established the corresponding
theoretical and finite element model and verified the model by experiment. The
results showed that variable cross-section could improve the impedance match
between the structure and air to enhance broadband sound.

Nowadays, micro perforated plate structure is a common structure in sound
absorption structures design [65-70]. Meng et al. [71] experimentally and
numerically studied the sound absorption ability of a corrugated sandwich panel
with small perforations. The results showed that the structure with non-uniform
perforations could achieve a lower resonance frequency and wider absorption
frequency compared with uniform perforations. Furthermore, as the properties
of the structure itself (i.e. strength, stiffness, and weight) are also important for
acoustic structural design, honeycomb structures have always been of great
research interest due to their lightweight and high strength [72-76]. In addition,
Boccaccio et al. [77] combined a micro perforated plate and Archimedean-
inspired spiral to obtain broadband sound absorption at low frequencies. Three
optimized structures were designed to get sound absorption in different
frequency ranges. The results showed that such structures can achieve 60%

sound absorption from 400 Hz to 2800 Hz.
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Fig. 2.2 (a) Typical micro perforated plate structure and (b) its equivalent circuit [62]. (Here p is
the air pressure, p is the density of the air, ¢ is the velocity of the air, R is the acoustic impedance
of the micro perforated plate, M is the acoustic mass of micro perforated plate and Zp is the

specific impedance of the cavity.

2.2.3 Acoustics metamaterials

Acoustics metamaterials (AMs) is a kind of artificial material that contains
sub-wavelength meta-atoms or microstructure units with periodic arrangement
to achieve excellent acoustic performance that cannot be found in natural
materials [78-82]. It has been proven to be an effective strategy in low-frequency
noise absorption [83-87]. In general, the acoustic metamaterials can be divided
into active AMs and passive AMs.

Active AMs generally refers to the AMs system consisting of components
that can exchange energy with acoustic waves (e.g., extracting electrical energy
or providing energy input). The effective frequency range can be adjusted by
several methods, including external voltages [88, 89], temperature-control
method [90], piezoelectric elements [91], mechanical deformation [92-95], and
pressure [96], for multi-functional applications.
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In general, active AMs can be divided into measure effective density and
bulk modulus two types according to their implementation method. The
adjustable effective density active AMs usually achieved through specific
materials (most commonly, piezoelectric elements). The element can control
sound absorption components by shunting with external electronic components.
Akl et al. [97] developed a metamaterial cell with truly programmable dynamic
density, the effective dynamic density of the cell is controlled by tuning the
stiftness of the boundary piezoelectric elements (as shown in Fig. 2.3(d)). The
experimental results showed that the dynamic density of incompressible fluid
was controlled from 0.35 times to 13 times in different conditions. Meanwhile,
the adjustable bulk modulus active AMs usually achieved in the same way as
adjustable effective density active AMs. The specific materials (piezoelectric
elements or temperature-sensitive materials) are connected to external control
components with suitable control strategies to tune their effective bulk modulus.
Xia et al. [90] controlled the negative effective bulk modulus of the AMs through
the temperature of the water. The results indicated that the negative effective
bulk modulus can be tuned about 11% while the temperature of the water is

varied from 0 °C to 75 °C.
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Fig. 2.3 Active AMs sound absorption system: (a) electrically driven laminated active acoustic
metamaterials with PVC plasticization[89], (b) helical acoustic meta surface capable of
providing a modulated sound-reflected wavefront and a continuously tunable broadband feature
[92], (c) acoustic metamaterials by active control of the dynamic density [97], (d) Tunable

broadband multi-function acoustic meta surface by nested resonant rings [95].

Passive AMs is the AMs that do not provide extra energy to the AMs sound
absorption system. Normally, the passive AMs can only absorb sound in a
specific designed frequency range by structural design. Currently, the passive
AMs can be divided into membrane AMs, porous AMs, space coiling structures
AMs, and Helmholtz resonators AMs according to the characteristics of artificial
structures in the structure design method.

Membrane acoustics metamaterials (MAMs) (As shown in Fig. 2.4(a))
combine membrane and tiny rigid mass block to achieve excellent sound
absorption ability at low frequencies by negative dynamic effective density[98-
102]. Because of the ultra-lightweight structure and perfect sound absorption at
low frequencies of MAMs, many studies have been conducted to expand the

application. Tuo et al. [103] composed MAMs with a negative pressure cavity.
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The experiment results showed that the structure with a negative pressure cavity
can obtain a higher absorption peak at low frequency compared with the
structure without negative pressure. Besides, the structure could adjust the sound
absorption frequency by changing the negative pre-pressure. Lucas et al. [104]
assembled membrane-type metamaterials of different shapes and sizes into a
panel. The whole panel can express great sound insulation and aesthetic
performance at the same time. The finite element model and experiment were
used to validate the design scheme.

Normally, porous AMs achieve the improvement of acoustic properties by
embedding intricate rigid geometries inside porous materials so that the porous
materials can have extra excellent sound absorption and sound transmission loss
properties, such as porous layers backed by rigid periodic rectangular
irregularities [105], embedded partitions [106-108], and with rigid resonant
[109].

Space coiling structures AMs is the AMs based on space coiling cells. The
space coiling cells are used to expand working space and control sound speed,
which helps the AMs achieve quasi-perfect sound absorption on deep sub-
wavelength scales. As one of the first research about space coiling structures
AMs, Cai et al. [110] presented bent and coiled up quarter-wavelength sound
damping tubes into a panel to form sound absorption AMs (as shown in Fig.
2.4(d)). The experimental results showed that the space coiling structure AMs
can absorb sound with the A/50 thickness (A is the wavelength corresponding to
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the sound absorption peak frequency). Recently, the space coiling structure AMs
has been further developed into several different kings geometries to obtain
specific functions, such as rotatable space coiling-up structure [111], quasi-
fractal geometries space coiling structure [112], multi-cavity of coiled-up spaces
[113], horn-like space coiling structure [114], sandwich-like space coiling
structure [115] and so on.

Helmholtz resonators AMs is the structure consisting of several Helmholtz
resonators [116]. The structure can obtain phase shift according to the
requirements so that the AMs can have meta-acoustics properties [117],
including broadband sound absorption frequency [118], high transmission
coefficient, and cloak [119].

(a) (b)

(d)

(e)
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Fig. 2.4 Typical acoustics metamaterials: (a) membrane acoustics metamaterials [83], (b) meta-

@©
@©

porous materials [107], (c¢) space-coiling fractal acoustic metamaterials [112], (d) classical space-
coiling acoustic metamaterials [110], (¢) Helmholtz resonators AMs with various depth cavities

[116].

2.2.4 The combination sound absorption structure

From the previous studies, it can be found that both porous materials and
19



structural considerations have advantages and disadvantages. For example,
porous materials have good sound absorption performance at high frequencies
while acoustics metamaterials have good sound absorption characteristics at low
frequencies. Therefore, the combination of structural absorption and porous
materials absorption is an inevitable trend in sound absorption research, and
significant research has been carried out in this direction [106, 120-126]. Zhao
et al. [127] designed a porous material with two kinds of pores, which they
investigated by experimental, finite element, and analytical methods. The results
showed that the dual porosity structure could obtain better sound absorption at
low frequencies than a conventional porous material of the same thickness.
Pereira et al. [128] designed a meta-porous concrete by embedding acoustic
resonators into porous concrete to improve sound absorption performance.
Additionally, a numerical model was established to predict the sound absorption
coefficient of the porous concrete. The results showed that compared with
traditional porous concrete, the meta-porous concrete showed an additional
absorption peak at 200 Hz which shows great potential for noise control in civil
engineering exterior applications.

In addition, it should be noted that the structural design should be carried
out under the premise of ensuring thinness as much as possible. From the
previous research, we can find that porous materials can easily achieve excellent
sound absorption ability with a large thickness, especially for high frequency.
Therefore, the issue for sound absorption structure design is how to achieve an
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excellent sound absorption performance, especially in low frequency, with a thin

thickness.

2.2 The Research about the Integration of Sound Absorption and Structural

Bearing

From the previous section, it can be found that many studies have focused
on sound absorption performance while less attention was paid to the load-
carrying properties which is also important in sound absorption design. In
general, porous materials usually have a weak mechanical property due to their
own materials characteristics [129]. The micro perforated plate does not have
bearing capacity itself, currently, a solution is to combine it with a honeycomb
structure [130-132]. In addition, a micro perforated plate can only absorb sound
through resonance so it only has a narrow sound absorption range. Although
acoustic metamaterials can achieve a significant sound absorption ability in the
low frequency range, it has a similar issue that can only absorb sound in
resonance frequency [133]. Additionally, structural performance is often
neglected in acoustic metamaterials design. The combination sound absorption
structure is an effective method to achieve integration of sound absorption and
structural bearing, but in most cases, the structure is complex which increases
the weight and cost of the application. In conclusion, there is still a general lack
of comprehensive performance on high sound absorption and high mechanical
properties (Including lightweight and high strength). The sound absorption
materials are generally not equipped with overall performance in sound
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absorption and mechanical properties: high strength, lightweight, and excellent
sound absorption ability in a wide frequency range. However, sound absorption
materials with lightweight and high strength have a wide application prospect in
transportation, architecture, acronautics, and astronautics areas. For instance, the
noise inside the room can be reduced effectively by using such sound absorption
materials replacing traditional sound absorption materials (sound insulation
cotton, micro perforated plate). It can also reduce the weight of the structure to
realize energy conservation and emission reduction if used in a vehicle or
airplane. Even though acoustic and mechanics performance contradict each other
in most cases, the improvement of acoustic performance usually means the
weakening of the mechanical performance. Therefore, developing a sound-
absorbing material with lightweight and high-strength is gradually becoming an
important topic and attracting more attention from researchers around the world.
Until now, the research on the integration of sound absorption and structural
bearing is mainly focused on the improvement of traditional micro perforated
plate structures and metal foam.
2.2.1 The improvement of micro perforated plate structure

At present, the micro perforated plate-honeycomb structure has been widely
used in engineering because of its simple structure and easy instalment, such as
ventilating windows [134], automobile engines [135], interior decorative walls
[136], MRI scanners [137], and so on. Therefore, the improvement of the micro
perforated plate is a popular method to achieve the integration of sound
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absorption and structural bearing. The common method includes adjusting the
location and size of holes [138], adding porous materials [139], and multilayer
micro perforated plates [140] (As shown in Fig. 2.5 (a)), et al.

On the basis of these simple modifications of micro perforated plate
structure, some researchers have conducted further research [141-149]. Zhang et
al. [150] designed a kind of micro perforated honeycomb plate that could adjust
sound absorption frequency. The structure could change the sound absorption
performance by installing a mechanical rotating mechanism into the honeycomb
cell (As shown in Fig.2.5 (b)). Ren et al. [151] presented a novel compact
multifunctional meta-structure that can achieve low-frequency sound absorption
and excellent crash energy dissipation at the same time. The structure uses an
internally extended tube to improve the sound absorption ability of the micro
perforated plate at the low frequency range and the meta hexagonal realizes
excellent mechanical properties (As shown in Fig. 2.5 (¢)). Finally, the average
sound absorption coefficient of the structure was measured to exceed 0.9 in the
range of 600-1000 Hz. Yu et al. [152] combined a micro-perforated membrane
with an origami sheet in order to form backing cavities and act as a resonant
sound absorber. In this structure, the foldable origami sheet can adjust the shape
and depth of the backing cavities during folding to achieve different sound
absorption effects which shows the acoustic potential of the foldable structure

(As shown in Fig. 2.5 (d)).
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Fig. 2.5 The improvement of micro perforated plate structure: (a) multi-layer helmholtz
resonators with extended necks [140], (b) Adjustable sound absorption frequency honeycomb-
MPP structure [150], (c¢) Compact multifunctional meta-structure and geometric topology of the
single sound-absorbing component [151], (d) An absorptive barrier comprised of a micro-

perforated membrane facing and a corrugated Miura-ori sheet [152].

Besides, in order to reduce weight and simplify the fabrication process,
some researchers have tried to use woven and non-woven fabrics as a structural
replacement for the heavier and thicker micro perforated plates [153-158]. Li et
al. [159] tested the sound absorption properties of plain weave, twill weave, and
honeycomb weave, exploring the relationship between sound absorption
properties and thickness, surface density, porosity, and pore size of the woven
fabric. Prasetiyo et al. [160] studied the influence of flow resistance on the sound
absorption performance of a double-layer braided structure, establishing a
theoretical JCA model of the structure. The results showed that when the two

layers had the same flow resistance, the higher flow resistance would produce a
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lower absorption amplitude, but a broader frequency band. When the flow
resistance of the two layers is different, the flow resistance of the structure
surface should be lower than the inner layer to obtain a better sound absorption
effect.

It can be found that although these schemes can enhance the sound
absorption performance of the micro perforated plate structure and basically
ensure the mechanical properties of the structure, they increase the weight of the
structure and the complexity of the structure at the same time, which loses the
characteristic of simple structure and easy installation of the traditional micro
perforated plate structure. Therefore, it is still a challenging task to optimize the
structure of the micro perforated plate while maintaining the weight and keeping
the simplicity of the structure.

2.2.2 Metal foam

Metal foam is a cellular structure consisting of a solid metal with gas-filled
pores containing a large volume fraction [161]. The pores are generated within
the base metal (in an uncontrolled way), following different process routes
(including using blowing agents or granules [162]), to create a highly stochastic
porous metallic structure. The volume fraction of the pores thus developed is
very high as compared to the base metal, which makes the materials lightweight
[163-165]. There are many kinds of foam metals, including Aluminum metal
foam [166], iron metal foam [167], copper metal foam [168], nickel metal foam
[169], magnesium metal foam [170], et al. Normally, metal foam can be divided
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into two types: closed-cell and open-cell foam depending on whether the pores
are sealed or interconnected [171-180] (As shown in Fig. 2.6). Although the
closed-cell foams normally have better mechanical properties than opened-cell
foams, it usually cannot absorb sound effectively as the sound wave couldn’t
penetrate into the surface of it. Meanwhile, the open-cell foam is a good sound
absorption material, the energy of the sound wave can be consumed through the

friction between the sound wave and the metal frame.

(b)

Fig. 2.6 Common metal foams: (a) A opened-cell aluminum foam cylindrical specimen [172], (b)

A closed-cell aluminum foam cylindrical specimen [173].

At present, open-cell foam has been proven to be an effective method for
sound absorption [181-189]. Liu et al. [190] deposited a ceramic coating on the
open-cell Mg foams through plasma electrolytic oxidation (PEO) technology.
The experimental results showed that the PEO-coated Mg foams have a better
sound absorption ability than the uncoated foam, which can be attributed to the
increasing viscous friction caused by PEO coating. Ren et al. [191] used a cell
modification method to synthesize needle-like Co3O4 on an open-cell Al foam to
improve the flow resistance. After the modification, the airflow resistance of the
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Al foams increased from 30 Pa-s/m to 93 Pa-s/m, and the sound absorption peak
increased from 0.65 to 0.95. Which showed an effective way to improve the
sound absorption ability of metal foams.

Meanwhile, opened-cell metal foam also shows a great mechanical
performance. In general, the mechanical properties of foam metal are closely
related to its matrix materials, relative density, inside pore structure, and so on
[192-196]. Zhao et al. [197] investigated the effect of grain structure on the
compressive mechanical response of open-cell metallic foams. The relationship
between grain size and compressive stress was studied through a crystal-
plasticity finite element model. Results showed that there is a threshold for grain
size, and the plateau stress and energy absorption ability of the foams exhibit
Hall-Petch-like behavior when the grain size is lower than the threshold. Once
the grain size exceeds the threshold the mechanical response would not change
significantly. Jung et al. [198] investigated the compression and low-velocity
impact properties of Ni/Al hybrid foam composites. The strain-rate effects and
size effects were evaluated, and the results showed that Ni/Al foams showed a
better energy absorption ability as Ni/Al foams provided strain-rate sensitivity
for all investigated benchmarks while pure Al foams only showed strain-rate
sensitivity for plastic collapse stress.

From the above research, it can be found that open-cell foam metal can
basically achieve sound absorption while maintaining good mechanical
properties. However, because of the sound absorption mechanism of open cell

27



foam metal belongs to porous materials which means its sound absorption
performance greatly depends on the thickness of the materials. It is difficult for
metal foams to achieve lightweight and sound absorption at the same time.
Therefore, metal foam is not an effective solution to realize lightweight and high-

strength sound absorption materials.
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Chapter 3 Sound Absorption Performance of a Micro
Perforated Sandwich Panel with Honeycomb-hierarchical Pore

Structure Core

From Chapter 1 we can find that both materials and structural
considerations each have advantages and disadvantages. Porous materials have
good sound absorption performance at high frequencies while resonant
structures have good sound absorption characteristics at low frequencies [144-
149]. Therefore, the combination of structural absorption and porous materials
absorption is an inevitable trend in sound absorption research, and significant
research has been carried out in this direction [122-126]. Besides, hierarchical
pore structures have proven to be an effective way to address the issue of low
frequency sound absorption in porous materials [55]. However, there is still little
research investigating the integration of a porous material with hierarchical pore
structures into a more complex sound absorbing structure. Hence, this study aims
to integrate a hierarchical porous material into a micro perforated sandwich panel

to produce a light, low frequency, and broadband sound absorbing structure.

3.1 Experiment

3.1.1 Preparation
The new sound absorbing structure was composed of a top face sheet, a
bottom face sheet, an internal honeycomb structure, and a porous filling material

(as shown in Fig. 3.1). The top face sheet was made of acrylic with Imm
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thickness, and included 1.3mm diameter perforation holes that were hexagonally
arranged 4.7 mm apart (as shown in Fig. 3.2(a)), the diameter and distribution of
the perforation holes are determined by the needles in hierarchical pore structure
and honeycomb structure to ensure the needles can across the micro perforated
plate. The honeycomb was made from an aramid paper honeycomb (produced
by CMAG Composite Co., Lt, Jiaxing, China) with 50mm thickness and 5.5mm
side length (as shown in Fig. 3.2 (b)). In order to reduce the weight and improve
the heat resistance of the structure, carbonized cotton was selected as the porous
filling material. The carbonized cotton was prepared by a tube furnace (OTF-
1200X, Hefei Kejing Materials Technology Co., Ltd) (As shown in Fig. 3.3(a)),
and the temperature was set as 600 °C to pyrolysis the cotton and nitrogen was
always present during the heating process to avoid the burning, Fig. 3.3(b)
showed the carbonized cotton. Additionally, large pores of 1.0mm diameter were
also created through the thickness of the porous materials to form the

hierarchical pore structure.

Honeycomb structure

Top face sheet

Hierarchical pore

Porous material

\ / Bottom face sheet i ]
(a) ~— (b) -

Fig. 3.1 3d models of: (a) the honeycomb panel with hierarchical pore structure, and (b) the

details for a single cell within this structure.
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@) (b)

Fig. 3.2 Dimensions of the structure: (a) top face sheet (b) honeycomb.

(b)

Fig. 3.3 The preparation of carbonized cotton: (a) tube furnace (b) carbonized cotton.

The preparation process of the structure is shown in Fig. 3.4. Firstly, the
micro perforation plate was bonded with the honeycomb to form the specimen
without filler. At this stage, a circle of thin plastic plate was adhered to the
outside of the honeycomb to form a continuous perimeter barrier. Then the
carbonized cotton was put into the honeycomb cell. In order to ensure a uniform
density of carbonized cotton, each honeycomb cell was filled with 200 mg of
carbonized cotton. Lastly, needles with 1.0 mm diameter were used to penetrate
into the carbonized cotton through the micro perforations in the top face sheet

and were pulled out after 24 hours to form the large pore structures in the
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carbonized cotton. Besides, it should be noted that the needles should be kept
vertical to form the hierarchical pore structures. Thus, a same micro perforated
plate was fixed on another side to keep the needle vertical and a plastic foam was

placed in the bottom of the structure to lock the needles.

Weighing 200mg carbonized cotton for each cell

Micro perforated plate

Bonding

X " _ Adding carbonized cotton into honeycomb cell
Specimen without filler

Penetrating needles into carbonized cotton

through micro perforated plate

Removing the needles

after 24 hours

y

Specimen with hierarchical pore structure Specimen with penetrated needles Specimen filled with carbonized cotton

Fig. 3.4 Preparation of specimens with a hierarchical pore structure.

3.1.2 Sound absorption performance test

The sound absorption performance test was carried out according to the ISO
10534-2 standard [12], using an impedance tube test system (as shown in

Fig. 3.5). An SW 466 impedance tube testing system from Beijing

Shengwang Acoustic-electric Technology Co., Ltd was used in this work.
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Fig. 3.5 Impedance tube testing system.

Normally we determine the sound pressure of the incident sound wave and
reflect the sound wave as:
p; = PrelkoX (3.1)
Py = Pre/koX (3.2)
Where P; and Py are the amplitude of p; and p, at the reference plane, x is
the position of the wave.
Therefore, the sound pressure at microphone A and microphone B (as
shown in Fig. 3.6) can be written as:
p1 = Pjelko¥1 4 ppeikoxa (3.3)
pz = Prelko179) 4 ppeTkoa=s) (3.4)

The transfer function of the incidence wave and refection wave are:

Hl — @ — e—jkos (3‘5)
P1i
H, = % — elkos (3.6)

Then, the transfer function of the whole sound field (impedance tube) can

be determined by the formula (3.3) and (3.4):
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pz ejkO(xl_S) + re_jko(xl_s)

Hha = P1 T elko% 4 re-Jkona G-

Therefore, the reflection coefficient r can be written as:

Mho = T ot (3.8)

r=—-
Hy — Hyp

At last, the sound absorption coefficient a can be calculated by:
a=1-r? (3.9)
At this time, all the parameters can be obtained in the experiment so that
the sound absorption coefficient can be tested from the impedance tube test
system. In addition, the sound pressure sensors will switch position tests twice

and take the average results to eliminate errors of the sound pressure sensors.

Key

1 Microphone A
2 Microphone B
3 Test specimen

Fig. 3.6 The principle of impedance tube test.

A large impedance tube and a small impedance tube were used to test the
sound absorption coefficient in the 63-1600 Hz and 1000-6300 Hz frequency
ranges respectively. The diameter of the large tube was 100 mm and the small
one was 30 mm (as shown in Fig. 3.5), which required the separate preparation
of 30 mm and 100 mm specimens. Three specimens were prepared for each type

to ensure accuracy and to quantify the variability of the experimental results. In
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order to compare and analyze the role of carbonized cotton and hierarchical pore
structure in the sound absorption process, the sound absorption coefficients of
the structure under three different statuses were tested: no filling, filled with
carbonized cotton, and filled with hierarchical pore structure. The test results are

shown in Fig. 3.7.

1.0
— Hierarchical pore structure
Carbonized cotton
—— No-filling
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Fig. 3.7 Sound absorption performance test results of all samples. The shadow around the curves

shows the standard deviation from the mean of three samples.

In order to directly compare the different results, the average sound
absorption coefficient is usually considered, representing the average of the
sound absorption coefficient of 125, 250, 500, 1000, 2000, and 4000 Hz [3].
Comparing the ‘no-filling’ specimens against the filled with ‘carbonized cotton’
specimens, it can be found that adding carbonized cotton can significantly

enhance the sound absorption ability of the structure, the average sound
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absorption coefficient increased from 0.220 £+ 0.031 to 0.558 + 0.006. The
hierarchical pore structure was also seen to further enhance the sound absorption
performance of the structure, with the average sound absorption coefficient
increasing from 0.558 = 0.006 to 0.626 £ 0.028. According to ISO 11654, the
weighted sound absorption coefficient «a,, is 0.8, classified as the Class B level

sound absorption [199].

A [68]
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Thickness / mm
Fig. 3.8 Comparison of average sound absorption coefficients across existing literature [19, 59,

64, 68, 70, 77, 107, 121, 132, 200-206].

The comparison of the average sound absorption coefficient between this
work and other studies in different thicknesses [19, 59, 64, 68, 70, 77, 107, 121,
132, 200-206] is shown in

Fig. 3.8. It can be found that the average sound absorption coefficient is
increased with the thickness of the structure, and our work obtain the best result
in 50mm. Even when it is compared with the thicker structure also show the
excellent sound absorption results. However, it should be noted that this
comparison is not entirely fair as they have different weights and design
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objectives.

Due to the resonance of the micro perforated plate, the specimens with no-
filling showed two sound absorption peaks at 1500 Hz and 4000 Hz. However,
without the effect of porous material, the structure cannot absorb sound in other
frequencies. The specimens without carbonized cotton only showed an indistinct
peak at 2500 Hz, but because of the carbonized cotton, it can absorb sound
effectively except in the low frequency range. Finally, the hierarchical pore
structure exhibited a new distinct sound absorption peak at 400 Hz by resonant
sound absorption (of the entrapped air in the structure) which significantly
enhances the sound absorption ability of the structure at such low frequencies.
However, because of the characteristic of the resonant sound absorption, this
effect soon degrades as the frequency shifts away from the resonance frequency
(400 Hz), leading to a local dip at 750 Hz. In general, hierarchical pore structure
was found to be an effective way to improve sound absorption ability in low
frequency, and the sound-absorbing honeycomb structure with it can be an effect

sound absorber over the 200-6000 Hz frequency range.

3.2 Analytical Model

The sound absorption performance of a structure is often judged by the
sound absorption coefficient, which is defined as the ratio of the unreflected
sound power entering the surface of the object to the incident sound power of a
plane wave at normal incidence [207]. which is usually calculated according to

Eq. (3.10) [208]:
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Zs — pPoCo

a=1-
Zs + poCo

(3.10)

Where Z; means the specific acoustic impedance, p, and ¢, mean the air
density and the sound velocity in air respectively. However, the specific acoustic
impedance of such a complex structure is difficult to calculate, so the structure
must be simplified first.

The 3D model of the honeycomb with a hierarchical pore structure is shown
in Fig. 3.1(a). The structure is transformed from a 3D model to a 2D model for
acoustic analysis as shown in Fig. 3.9 (since the wallboard of the honeycomb
has the same direction as the sound wave, its influence on the sound wave is
ignored [130]). The propagation process of the sound wave is shown in Fig. 3.10,
where the sound wave firstly passes through the top face sheet to the porous
materials, and then through the porous materials to the bottom face sheet that
reflects it. The bottom face sheet, without perforations, is regarded as a rigid
panel. The sound absorbing components of the structure can be divided into two
parts: the top face sheet and the porous materials. In addition, as large holes are
drilled into the porous materials, the porous materials can be further divided into
pure porous materials and multiple parallel through holes. In this way, the whole

structure is divided into three parts as shown in Fig. 3.11.
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Porous material

-

Top face sheet

Bottom face sheet

Fig. 3.9. 2D model of the sound absorbing honeycomb.

Fig. 3.10 Process of sound wave propagation through the sound absorbing structure.

Fig. 3.11 Honeycomb structure decomposition for 2D modeling.
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Now, the micro perforated plate (part 1) and the porous materials (parts 2
and 3) act in series, so they can be analyzed separately and later recombined. In
addition, the collection of multiple parallel through holes (part 2) and the pure
porous materials (part 3) can be considered as a parallel system or double
porosity materials. Therefore, the specific acoustic impedance of the whole
structure can be calculated by calculating the specific acoustic impedance (Zsi,
Zs, Zs3) of each structural feature.

3.2.1 Analytical model of micro perforated panel

For the micro perforated panel, the specific acoustic impedance can be
regarded as the acoustic impedance of a single hole divided by the perforation
ratio [62]. In the case of a single circular tube, Crandall [209] deduced its motion
equation according to Eq. (3.11):

. n 0 0 _ AP T
PolU (rlarlu)_ n (3.11)

T 01y
where 7 is the dynamic viscosity constant of air, u is the axial particle velocity
of the air in the tube (a function of radius vector 1), t is the length of the tube,
and AP is the pressure difference between the two ends of the tube.

From the Eq.(3.11), the specific acoustic impedance of the small single

circular tube can be calculated according to the definition:

Ap ) 2 ]1(x\/—_j) _
Zl == t 1— 1
TR oy e any el

Where x = /%, Jo and J; are Bessel’s function of the first kind in zeroth and

(3.12)

first order.

Then Maa [62] rewrite Eq.(3.12) to Eq.(3.13) a wider application range :
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where j is the imaginary number, o is the angular frequency, d; is the diameter

Z1:

of the micro perforated holes, u = 1n/p, is the kinematic viscosity of the air,
and t; is the thickness of the micro perforated panel.

Then, the specific acoustic impedance of the micro perforated panel can be
calculated from Eq. (3.15) [62]:

Zy

where p; is the perforation ratio (the total area of perforation holes divided by
the area of the plate) of the micro perforated panel.
3.2.2 Analytical model of the double porosity materials

The specific acoustic impedance of porous materials can be divided into

two conditions:

(1) The back is a hard surface

Zs = —jZycotkl (3.16)
k =w\{K/p (3.17)
Zy=pc=,/Kp (3.18)

where K means the elastic modulus of porous materials, p is the complex density,
and Zo is the characteristic impedance of the materials.
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(2) The back isn’t a hard surface

The back is a cavity with a depth of D
Z; = —jpococotkD (3.19)

The back is a backing with the specific acoustic impedance Z;
Zs = jZo (3.20)
In this structure, the back of the porous materials is the bottom face sheet
which fits the first case. Therefore, Eq. (2.16-2.18) is used to calculate the
specific impedance of the porous materials. In this condition, the complex
density and elastic modulus of the porous materials need to be calculated
respectively. It should be noted that since there are two kinds of pores in this
porous material, it is necessary to calculate the complex density p,, p; and
elastic modulus K,, K3 for part 2 and part 3 respectively, and then combine

them according to Eq. (3.21) and (3.22) [210]:

pw{i +(1¢)pjl 3.21)

4

1
Ka| g +0-0)

(3.22)
Where o is the perforation ratio of the through pores, and W; is the ratio of the
average pressure in the larger and smaller pores. In this structure, where the
diameter of the larger pores is only around 5.3 times larger than that of the small
pores, the Wi can be given a value of 1 (since this ratio is much less than 100)
[210].

For porous materials, the complex density p of part 2 (p2) and part 3 (p3)

can be calculated as shown in Eq. (3.23) and (3.24)[3, 62]:
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Where x = \/%%, d> is the diameter of the multiple parallel through holes (part

2), d3 is the diameter of the pure porous materials (part 3), ¢ is the porosity of
the porous materials, and s is the structure factor. Generally, the structure factor
of a porous material like part 3 (s3) is taken as 3 [3], however, because the parallel
through holes in part 2 do not have a tortuous path, the structural factor for this
part (s2) is taken as 1 instead.

The compression modulus of the tube per unit thickness can be calculated

according to Eq. (3.25) [3]:

(3.25)

Where vy is the specific heat ratio of the air, d is the diameter of the tube.
Then the compression modulus of two types of porous materials (part 2 and

part 3) can be written as:

1 jwd3
K =P |1+=-(y—1 3.26
2 0 _ + 3 (r ) 4y _ ( )
1 jwd3]
K:=P,|1+=(y—1 3.27
3 0 _ + 3 -1 v | (3.27)

By substituting Eq. (3.21) and (3.22) into Eq. (2.20), the characteristic

impedance of porous materials can be calculated as:
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Zyz = 2V, K33023 (3.28)

Then the specific acoustic impedance of porous materials can be given by:
Zsy3 = —jZ,zc0tkysl (3.29)
Where,
ky3 = wm (3.30)
At this point, the specific acoustic impedance of each part, Zs1, and Zs»3, has
been defined, and the specific acoustic impedance of the whole structure can be
determined from its equivalent circuit relation in Eq. ((3.31):
Zs=1Zg +Zgs (3.31)
Finally, the sound absorption coefficient a can be calculated using Eq. (1).
3.2.3 Results of analytical modelling
The formulas for the analytical model were implemented in MATLAB (As
shown in Appendix A), using the parameters shown in Table 3.1, to calculate the
sound absorption performance of the structure. The constant value of the air is
under room temperature (20 C) and 1 standard atmosphere pressure, the
parameters of the sample are tested from the real sample. The analytical
predictions for the carbonized cotton and hierarchical pore structures are shown
in Fig. 3.12 against the experimental results. The analytical results well reflect
the sound absorption characteristics of the structures, predicting average sound
absorption coefficients of 0.556 (0.4% error) and 0.731 (16.8% error) for the
carbonized cotton and hierarchical pore structures respectively. The greater error
for the hierarchical pore structure, particularly at lower frequencies, is attributed
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to the over-estimation of the perforation ratiopand diameter d» of the through
holes since the elasticity of the porous materials allows for some recovery (and
reduction in diameter) after the needles are removed in the production of the
holes. Additionally, since the theoretical model ignores the influence of the
structure’s natural resonance (the structures are regarded as rigid boundaries),
the peak at 2500Hz of the experimental sound absorption curve is not reflected
by the theoretical calculation. This error is assumed to be caused by the

resonance of the whole structure.

1.0

Experiment-hierarchical pore structure
Experiment-carbonized cotton

- — - Analytical model-hierarchical pore structure
- — - Analytical model-carbonized cotton

Sound absorption coeflicient

0.2

0.0 — : : T s
0 1000 2000 3000 4000 5000 6000 7000

Frequency / Hz
Fig. 3.12 The results of analytical modeling compared with experimental data for the carbon

cotton and hierarchical pore structures.

Table 3.1: Parameters of theoretical models to predict the sound absorption coefficient of the

different structures.
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Property Value

Air density, po (Kg/m?) 1.295
Atmosphere pressure, Py (Pa) 1.01x103
Dynamic viscosity of air, 1.85x10°3
specific heat rate of air, y 1.4
Perforation rate of perforated plate, p; 0.07
Perforation rate of the through pores, ¢ 0.0538
Porosity of carbonized cotton, ¢ 0.97
Thickness of micro perforated plate, t; (mm) 1
Thickness of porous materials, / (m) 0.05
Diameter of perforation, d; (mm) 1.3
Diameter of through pores, d» (m) 0.001
Diameter of aperture in porous materials, d3 (m) 0.00015

3.3 Finite Element Analysis (FEA)

3.3.1 Finite element model

The acoustic finite element model can be divided into the acoustic field
model and structure model, the acoustic field model simulates the status of sound
pressure in the air and the structure model is used to simulate the influence of
the structures on the sound pressure. At last, the sound absorption coefficient can
be calculated by the sound pressure in the acoustic field at different frequencies.

The 3D model of the honeycomb with a hierarchical pore structure is shown
in Fig. 3.1(a). As each honeycomb cell has the same effect on the sound wave, a
single honeycomb cell was considered for simplified calculation (as shown in
Fig. 3.13). Besides, to ensure the influence of honeycomb cell number, the finite
element model of one honeycomb cell and five honeycomb cells are established
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respectively. The sound pressure simulation results showed that they had the
same results. This model also included an impedance tube; representative of the
experimental conditions for measuring the sound absorption coefficient of the
structure.

Carbonized cotton

Microperforated plate

Impedance tube

Fig. 3.13 The structure of a single cell within an impedance tube.

The sound absorption behavior of the model relied on fluid-solid
interactions between the structure and sound waves. Hence, fluid element 30 was
used to simulate the air and porous materials (depicted in purple and red in Fig.
3.14 respectively), while solid element 185 was used to model the honeycomb
structure, micro perforated plate, and impedance tube (cyan and teal). A mesh
consisting of around 33000 solid and 37000 fluid finite elements were used for

the simulation, with the sound wave source originating from one end of the
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impedance tube and the sound absorbing structure existing at the other (fixed)

end as shown in Fig. 3.14.

Fixed end

Sound source

Fig. 3.14 Load application and meshing method of the FEA model

The porous materials was simulated using a Delany-Bazley model, relying
on flow resistance as the input parameter. To get the flow resistance of the
carbonized cotton, pictures of carbonized cotton fiber were taken with a
Scanning Electron Microscope (SEM), while the average fiber diameter was 6
pm (an SEM picture example from ten pictures was shown in Fig. 3.15. In the
experiments, the bulk density of the 200 mg carbonized cotton in each
honeycomb cell was 52.8 kg/m>. Therefore, the flow resistance of carbonized
cotton R was calculated according to Eq. (25) [211]:

R, = K, pL53/d? (25)

where the constant K has the value 3.18x107, d is the diameter of the fiber, and

48



pm 1s the bulk density of the porous materials. This results in a flow resistance
value of 38173 Pa-s/m. Additionally, the density and acoustic velocity of the air

in the porous materials can be calculated from Eq. (26) and (27) [3]:

_S, 4k 26

p=gPoti, (26)
K

c= |— (27)

EHT = 15.00 kV Signal A = SE2 Date :13 Sep 2021
WD =134 mm Mag= 500 X Time :18:25:37

Fig. 3.15 Average carbonized cotton diameter measured using SEM.

3.3.2 Results of FEA

Fig. 3.16 illustrates the pressure distribution of the micro perforated
sandwich panel with a honeycomb-hierarchical pore structure at 6000 Hz. It can
be found that the pressure was affected by the structure extremely, especially at
the surface of the MPP., The sound absorption coefficient of the structure of this
frequency can be obtained by extracting pressure at appropriate positions
(according to ISO 10534-2) in the impedance tube.

The results of the fluid-structure interaction FEA model, compared with
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experimental data, can be seen in Fig. 3.17. In general, the FEA results fit the
experiment data well as the average sound absorption coefficient of the
carbonized cotton filled and hierarchical pore structures were 0.499 and 0.572,
showing 10.6% and 8.6% error respectively. Like the theoretical model, the
natural resonance was not considered in the FEA model and the experimental
absorption peak at 2500Hz could not be predicted.

The analytical and FEA results for carbonized cotton and hierarchical pore
structure are both directly compared against the experimental results in Fig. 3.18.
Qualitatively, the results for both models appear to be quite effective in
predicting the sound absorption coefficient curves. In terms of the average sound
absorption coefficient, the FEA model appears to be much less accurate (10.1%
error) compared to the analytical model (0.4% error) when the structure is filled
with carbonized cotton. For the hierarchical pore structure, the FEA model
appears to be more accurate (8.6% error) than the analytical model (16.8% error).
For both models, the characteristic of a new peak in the sound absorption curve
which is established by hierarchical pore structure can be reflected in low
frequency. However, it can be found that both model models can now show the

peak exactly which we attribute to the resonance of the whole structure.
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Fig. 3.16 The pressure (Pa) distribution of micro perforated sandwich panel with honeycomb-

hierarchical pore structure (6000 Hz).

0.4

Experiment-hierarchical pore structure —|
Experiment-carbonized cotton

— — —FEA-hierarchical pore structure

- — = FEA-carbonized cotton

1.0
0.8 - h,
™ ~

'E - \“"" ‘r\\
D T o h_\-\\\\\
- — ~ ~
Q ~ -
= D NN ‘\\\\\\\\
b SN \\\\‘\\ .
s 0.6 s ~
S =L ‘\\\“~
=] I~
=] ~ N
= ~a
= ~
=]
W
=
=]
=]
=1
=3
w2

0.2

0'0 L L 1 1 1 1 L
0 1000 2000 3000 4000 5000 6000 7000

Frequency / Hz

Fig. 3.17 Comparison of FEA and experimental sound absorption results for the two different

structures.
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Fig. 3.18 Comparison of FEA, analytical model, and experimental results for: (a) carbonized

cotton, and (b) hierarchical pore structure.

3.4 The Influence of the Parameters

In order to better understand the influence of the different parameters and

optimize the structures. The height of the structure, diameter of the hierarchical

pore structure, the diameter of pores on the micro perforated plate, perforation

rate of micro perforated plate, the thickness of the micro perforated plate, the

type of the porous materials (Porosity) are analyzed through the theoretical
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Fig. 3.19 The influence of the parameters of the structure: (a) The height of the structure, (b) the

Diameter of the hierarchical pore structure, (c) the Diameter of pores on the micro perforated

plate, (d) the Perforation rate of the micro perforated plate, (¢) Thickness of the micro perforated
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plate and (f) the type of the porous materials (Porosity).

The influence of the thickness of porous materials is considered at first, the
thickness of porous materials is increased from 30mm to 70mm in the theoretical
model, and then the sound absorption coefficient is calculated again. As shown
in Fig.3.19 (a), it can be found that with the increase of the thickness, the
maximum sound absorption coefficient of the structure decreases slightly, but
the peak frequency gradually moves to the lower frequency. Therefore,
increasing the thickness of porous materials can improve the sound absorption
performance of the structure at low frequencies effectively.

Experiments have proved that hierarchical pore structure in porous
materials can enhance the sound absorption performance effectively, because of
that how to design the hierarchical pore structure reasonably is extremely
important. Fig.3.19 (b) shows the sound absorption coefficient curve with
different perforated diameters of multiple parallel through holes. The results
show that the maximum sound absorption coefficient increases with the increase
of perforation diameter. At the same time, the overall sound absorption
coefficient also increases slightly while the characteristic of the curve does not
change a lot.

Fig.3.19 (c) and Fig.3.19 (d) show the influence of micro perforated plate
(diameter of the pores and perforation rate), it is clear that increasing the
diameter of the pore and perforation rate can increase the sound absorption

ability in entire frequency.
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Then, the influence of the thickness of the micro perforated plate is studied
(As shown in Fig.3.19 (e)). The results show that the sound absorption ability
decreases significantly with the increase of the thickness of the micro perforated
plate. In addition, the sound absorption performance of the structure increases
slightly at low frequency with the increase of the thickness, but the performance
is not obvious.

At last, the porosity of the porous materials is investigated to show the
influence of the porous materials type (as shown in Fig.3.19 (f)). The sound
absorption curve does not change a lot with different porosity. However, it
should be noted that this does not mean the porous materials aren’t important in
the structure as porous materials have many other parameters (e.g. diameter of
the pores inside the porous materials, tortuosity), this phenomenon just gives a

refer that we can choose the porous with high porosity to obtain a lower weight.

3.5 Conclusion

In this chapter, a micro perforated sandwich panel with a honeycomb-
hierarchical pore structure core has been developed. This structure combines a
porous material with a hierarchical pore structure and a micro perforated
sandwich panel with a honeycomb core together to achieve a lightweight
broadband sound absorbing structure. Experimental results show that the
structure can absorb sound in the range 200-6000Hz effectively, with an average
sound absorption coefficient of 0.626 £0.028. Theoretical and FEA models have

been established to predictively calculate the sound absorption performance of
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such structures, showing agreement with experiment results (16.8% and 8.6%
error respectively). The related parameters are investigated by the theoretical
model, and the results showed that the parameters of the micro perforated plate
(diameter of the pores, perforation rate, thickness) will significantly affect the
sound absorption ability of the structure. In conclusion, although the method that
adding porous materials into a honeycomb would inevitably increase the weight
of the structure, this structure is useful for situations that are not highly sensitive
to the weight (e.g. expressway, factory, elevator). Meanwhile, the hierarchical
pore structure can increase the sound absorption ability without increasing the
weight is based on the structure that already added. We foresee this work can be

a better replacement structure for traditional micro perforated plate structures.
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Chapter 4 Sound Absorption Performance of Folded Structures
Prepared from Woven Prepreg and Porous Materials

Composites

Previous work has shown that the combination of a micro perforated plate
and porous materials is an effective way to realize broadband sound absorption.
However, the improvement of the traditional micro perforated plate-honeycomb
structure has a limited weight that the weight cannot be less than traditional
MPP-honeycomb structure, and the manufacturing is a little complex especially
when adding porous materials into honeycomb cells. Therefore, there should be
a new design method to achieve high sound absorption ability, lightweight, and
easy production. Meanwhile, the ancient art of paper folding has been recently
employed for sound-absorbing structures because of its excellent design
flexibility and fabricability [212-220]. Compared with conventional honeycomb
structures, folded structures can provide an open channel to absorb sound rather
than a closed cell. However, only a few studies applied the method in structure
design despite showing great potential in the acoustic field. In most conditions,
the origami structure just be used as a sound absorption component rather than a
load-bearing structure[221-223]. Yu et al. [152] combined a folded structure and
a micro perforated plate to construct a resonant sound absorber, analyzing the
effect of the depth and shape of the folded structure on the sound absorption

performance of the whole structure. The results showed that the change of
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folding angle can move the insert loss curve peak frequency, which means the
sound absorption performance of the structure can be adjusted by the required
condition.

Meanwhile, the replacement of a micro perforated plate with a woven fabric
can reduce weight with little effect on the sound absorption characteristics of the
structure[ 155, 156, 159, 160, 224]. Hence, this chapter hopes to combine porous
materials with woven prepregs to make structural and functional composite
materials. Furthermore, this study also forms the composite materials into a
folded structure for further improvements to its sound absorption performance.
A theoretical model for the sound absorption performance is also established and

experimentally verified for the novel structures.

4.1 Experiment

In order to determine the influence of the composite materials and folded
structure on sound absorption performance, three test samples of woven prepreg,
composite materials, and folded structure were prepared. The sound absorption
coefficients of different structures with the same thickness were tested through
impedance tubes.

4.1.1 Materials and fabrication

Ventilated felt made from jute fiber (315 g/m?) and a woven ramie prepreg
(shown in Fig. 4.1) were chosen for the composite due to their high porosity, air
permeability, and sustainability. Ventilated felt is made in the laboratory [225],

and the woven prepreg is AGMP/ramie fabric. Epoxy resin AGMP 3600 applied
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by AVIC Composite Co., Ltd (Beijing, China) and ramie fabric bought from
Hunan Huasheng Dongting Ramie Co., Ltd. The woven prepreg was made by
the wet method in the laboratory. A hot press (as shown in Fig. 4.2) was used to
fuse the two materials together with 2 mm thickness to form the woven ramie-
porous composite materials shown in Fig. 4.3. To manufacture the composite
materials, two woven prepreg are put on the top and bottom surface of the
ventilated felt at first, and then put the iron bar with 2mm thickness around the
composite materials to control the thickness. At last, use the hot press machine
to press them together. The thickness is determined according to the initial
thickness of the ventilated felt to ensure the composite can be made in an
accurate thickness and easy fold. Although increasing the thickness of the
composite will increase the sound absorption ability. The excessive thickness
will lead to an increase in the weight and difficulty in manufacturing. Therefore,
the thickness was chosen to be 2mm after comparing with 1mm, 3mm, and 4mm

samples.

Fig. 4.1: Woven ramie prepreg:(a) Vertical view;(b) Front view;(c) Microscopic view.
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Fig. 4.2 Hot-press machine.

(@)

Woven ramie prepreg

Ventilated felt

()

Fig. 4.3: Composite materials:(a) Vertical view and microscopic view (b) Front view and

microscopic view.

The composite materials were then folded into their final form structure as

shown in Fig. 4.4(a). The parameter values are decided according to better sound
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absorption performance and simple manufacturing. The reason why we want to
use the folded structure is because the incline wall can utilize the sound
absorption ability of the composite materials. The height of the folded structure
will determine the thickness of the porous materials in the inclined wall.
Therefore, the height of the structure (H) is determined to be 50 mm at first
because 50 mm is a common height for sound absorption structure (as shown in
Fig.3.8) so that we can have an intuitive impression to judge whether this
structure achieves a good sound absorption performance. Then the folded angle
and length of the edge are determined according to the diameter of the impedance
tube. If we want to test the sound absorption coefficient of the structure we need
to put at least one minimum cell into the impedance tube, which means the edge
of the folded structure should not make the cell larger than 100 mm. At the same
time, the thickness of the composite (2mm) limits the minimum size of the edge,
otherwise, the folded process will damage the composites or make the structure
cannot be kept in an accurate condition because of the elasticity of the porous
materials. According to the 3D model in Solidworks, the geometric parameters
are determined as Fig. 4.4(b) and Table 4.1 show.

Both the top face sheet and the folded core structure were made of
composite materials. The bottom face sheet would be a rigid panel, which was
replaced by the bottom of the impedance tube in the actual testing process. It
should be noted that as the prepreg cannot be folded after solidification, the
prepreg and ventilated felt needed to be pressed at 90°C and folded before final
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curing in an oven at 150°C for 3 hours. The final structure is shown in Fig. 4.5.
Since the 30 mm diameter impedance tube was used for high frequency (1000-
6000 Hz) testing, the folded structure would not fit in the impedance tube
completely. Therefore, according to the sound absorption characteristics of the
structure, a 60° inclined composite materials plate (determined by the theoretical
model in Section 3.2), was used to represent the 60° folded structure for the high-
frequency sound absorption test. Ultimately, sound absorption tests were carried
out for the flat woven prepreg, and the flat composite materials, in addition to

the folded structure.

__Top face sheet

—Folding structure

——Bottom face sheet

(b)

Fig. 4.4 3D-models of: (a) the folded structure and; (b) the geometric parameters of the folded

structure unit cell.

Table 4.1: Geometric parameters of the folded structure unit cell.

Geometric parameter Value
Height of the structure, H (mm) 50
Length of the edge, S (mm) 60
Length of the edge, a (mm) 30
The folding angle, 6 55°
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(b)

(d)

Fig. 4.5: Folded structure samples for sound absorption tests: (a) at low frequency, (b) at high

frequency, (c) 3D model of low frequency sample, (d) 3D model of high frequency sample.

4.1.2 Sound absorption test system

The sound absorption performance test was carried out according to the ISO
10534-2 standard [207] through an impedance tube test system shown in Fig.
4.6. A large (100 mm diameter) and a small (30 mm) impedance tube were used
to test the sound absorption coefficient of the different structures in the 63-1600
Hz and 1000-6300 Hz frequency ranges respectively. Therefore, two different
sample types with diameters of 30 mm and 100 mm were prepared for
characterization over the full 63-6300 Hz range.

In setting up the experiment, each of the woven prepreg and composite
materials samples was placed in the impedance tube such that there was a 50 mm
long cavity behind them, to be consistent with the height of the folded structure
(as shown in Fig. 4.7(b)).
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Fig. 4.6: Sound absorption test system.

4.1.3 Experimental results

The test results are shown in Fig. 4.7. An 'average sound absorption
coefficient’ is often used to evaluate and compare the sound absorption ability
of different materials, based on absorption coefficient values taken at six discrete
points across the acoustic spectrum (125, 250, 500, 1000, 2000, and 4000 Hz)
[3]. In this study, the average sound absorption coefficients of the woven prepreg,
composite materials, and folded structure are 0.360, 0.562, and 0.491
respectively. Suggesting the composite materials to be the best sound absorbing
structure. However, across the continuous sound absorption spectrum it is
obvious that folded structure has a better sound absorption performance than
composite materials from Fig. 4.7.

Hence, for this study, the magnitudes of peaks and troughs are used as a
more reliable comparison of the different materials and structures instead. The
maximum sound absorption coefficient of the woven prepreg is 0.78 and the

minimum sound absorption coefficient is 0.02. The composite materials show a
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maximum sound absorption coefficient of 0.99, while the minimum sound
absorption coefficient has only slightly increased to 0.07. Alternatively, the
sound absorption characteristics of the folded structure have shown a slight
decrease in the second absorption peak (to 0.83), but the absolute minimum
sound absorption coefficient has greatly improved to 0.43. Hence the structural
sound absorption coefficient remains above 0.4 in the complete range of 400-

6300 Hz, realizing broadband sound absorption.

: (b) -
Woven ramie prepreg f @100 mm
Composite material
Folded structure T i S0mm_ -
——

Woven ramie prepreg

E
— . .
== Composite material

Sound absorption coefficent

Folded structure

0.0

0 1000 2000 3000 4000 5000 6000 7000

Frequency / Hz
Fig. 4.7: The influence of different materials and structures on sound absorption ability: (a) sound

absorption coefficient curves, and (b) experimental setup.

It can be found that although Chapter 3 and Chapter 4 both use micro
perforated plates and porous materials to achieve sound absorption, they
represent significant differences in sound absorption characteristics. This is
mainly caused by the thickness and pore size of the micro perforated plate, the
extremely thin thickness and small pore size make the micro perforated plate in
Chapter 4 have higher and more compact peaks. In addition, the thickness of
porous materials in Chapter 4 also makes it not obvious which makes the curve

have obvious troughs. The folded structure using an inclined plate makes up so
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that the blue curve in Fig 4.7 can have much higher troughs.

4.2 Theoretical Model

In order to establish a theoretical model of the 3D folded structure, it was
first simplified to a 2D minimum unit cell and equivalent model as shown in Fig.
4.8. This simplified model is composed of a top face sheet, a middle-inclined
plate, and a bottom face sheet. The top face sheet and middle inclined plate are
made from composite materials, and the bottom face sheet is a rigid plate. Since
the composite materials are formed by sandwiching the ventilated felt between
the surface layers of the woven prepreg, the composite materials can be further
approximated by upper and lower micro perforated plates and a porous material
in the middle. The perforation ratio of the micro perforated plate can be
determined from images taken with an SEM (as shown in Fig. 4.3).

Since the thickness of the bottom air cavity is less than the wavelength, the
sound wave mainly propagates along the axis. At this time, the specific acoustics
impedance of the micro perforated plate can be regarded as the combination of
many Helmholtz resonances (as shown in Fig. 4.9(b) and (c)). It can be found
that whether the plate is inclined or not will not affect the formula of Z;.
Therefore, the formula of the specific acoustics impedance of the micro
perforated plate will not change when the plate is inclined. Meanwhile, the cavity
forms a resonance system with a micro perforated plate. It also can be regarded
as a Helmholtz resonance and the volume of the cavity rather than the shape will

determine the acoustic compliance which affects the sound absorption ability of
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the system. Therefore, this research regarded the inclined plate as a flat plate in

this study.

Fig. 4.8: Extracting the minimum unit cell of the structure.

(a) (b) (c)
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Fig. 4.9 The sketch of different structures: (a) Helmholtz resonance (b) Micro perforated plate

structure with a flat plate (c) Micro perforated plate structure with an inclined plate

In this condition, the inclined plate that divides the cell into two cavities
can be considered equivalent to a flat plate, and its position can be related to the

cavity volume and incident surface area. The specific formulas are:

£
D, = — 4.1
=3 @)
D1 = D - D2 - 2t2 (4.2)

where D is the height of the whole structure, D> and D, are the height of the
upper and lower cavities in the equivalent model respectively, S; is the area of
the inclined plate, V2 is the volume of the lower cavity and t; is the thickness of
the composite materials. It should be noted that since the internal flat plate is
transferred from an inclined condition, the thickness needs to be adjusted
according to the inclination angle in the calculations.
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In this way, a sound absorption model of the folded structure can be
generated as shown in Fig. 4.10, and the theoretical sound absorption coefficient
of the structure can be obtained by measuring the acoustic impedance of the
equivalent model. It should be noted that the equivalent model ignores local
experimental differences between the edge of the experimental sample and the

minimum unit cell, as the effects are expected to be negligible.

Sound wave

2R,

Dy

S, — | |
/ D,

(a) () |

Fig. 4.10: The simplified model of the folded structure: (a) Minimum cell of the folded structure,

(b) The equivalent model of the folded structure.

The equivalent model shown in Fig. 4.10 (b) is clearly similar to a multi-
layer micro perforated plate. As such, the transfer functions for the acoustic

impedance of such models are well established [226]:

ZCN - _jZOCOt (sz) (43)

7 - Zp4+1cos(kD,) + jZysin (kD) 4.4)
tn =20 7, cos(kD,) + jZp+15in (kD) ‘

Zn=Zmn+tZcn 4.5)

where Z.y is the specific acoustic impedance of the bottom cavity of the
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structure, Z, = pocy is the specific acoustic impedance of the air, and Z,, and
Z., are the specific acoustic impedance of the location of the cavity and the
micro perforated plate respectively.

Lastly, Z,,, is the specific acoustic impedance of the micro perforated

plate itself with the following formula [62]:

_ 32pout xZ 1

Zmn_ pd% 1+32+]0Jp0t 1+\/:xZ
32+_1
2

_ |24 47

where d; is the diameter of perforation in woven prepreg, t is the thickness of the

(4.6)

woven prepreg, U =n/p, is the kinematic viscosity of the air, 1 is the
dynamic viscosity constant of air.

However, in this research, the structure is represented by two porous
materials parts between the micro perforated plates, which is a significant
deviation from the standard theory for a multi-layer micro perforated plate
system. Therefore, an additional transfer function is required. The specific
acoustic impedance for the porous materials can be calculated by the following

formulas [3]:

(4.8)

Z, = Kp (4.9)
k=w{K/p (4.10)

where Z, is the specific acoustic impedance of the structures between the
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porous materials and the rigid back wall, p is the complex density of the porous
materials, and K is the complex compression modulus of the porous materials.

The complex density p can be written as:
1

1
2\ "2 2\ 2
SPo x5 32 X5
=—|1+ 32+—> + - (1+—> (4.11)
=% < 2 jwpod; 2

where x, = \/%%, d, 1is the pore diameter of porous materials, ¢ is the
porosity of porous materials, and s is the structural factor. For ordinary porous
materials, the structural factor is generally taken as 3 [3].

K is the compression modulus of the tube per unit thickness which can be

calculated by:

1
K=P[1+=-(y—-1
0 +8(Y ) y

(4.12)
where v is the specific heat ratio of the air, d is the diameter of the pores in porous
materials, and v is the kinetic viscosity of the air.

The full composition of the equivalent model for the folded structure is
shown in Fig. 4.11. According to Equations (3.3-3.12), the specific acoustic
impedance of the different components can be calculated from Zc4 to Z step by
step, and finally the specific acoustic impedance of the whole structure Z; can

be calculated. Then substitute the specific impedance of the structure Z; into the

formula:

Z1 — PoCo

a=1-
Zy + poCo

(4.13)
The sound absorption coefficient ( @ ) of the structure at different

frequencies can be obtained.
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Fig. 4.11: Analytical diagram of the equivalent model for the folded structure.

Substitute the transfer functions into MATLAB for calculation, the relevant
data are shown in table 4.2. The experimental results of the sound absorption
coefficient of the folded structure are shown in Fig. 4.12 (compared against the
theoretical results). Three absorption peaks appear at 874 Hz (1040 Hz
theoretical), 3390 Hz (3440 Hz), and 6156 Hz (6050 Hz) for the folded structure
with 19%, 1.5%, and 1.7% error respectively. Meanwhile, the magnitude of the
first 2 sound absorption peaks differed by less than 1% between the experimental
and theoretical results, however, greater error (27%) was observed for the third
peak above 4500 Hz. Additionally, by removing the internal layer of the
equivalent structure, the theoretical model can be used to calculate the sound
absorption ability of unfolded composite materials alone, with results shown in
Fig. 4.13. In both cases, the theoretical model results are in strong qualitative
and quantitative agreement with the experimental results. Hence, the analytical

model can accurately reflect the sound absorption characteristics of the structure.
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However, there still some discrepancies exist, especially at the third absorption
peak in Fig. 4.12 and the second trough in Fig. 4.13. We attribute the mismatch
to the assumption of considering the woven prepreg as a micro perforated plate
in the theoretical model. For a normal micro perforated plate, the sound wave
can only pass through the plate via the perforation holes, but the woven prepreg
can also let the sound wave pass through the fabric. This phenomenon, as
observed in both Fig. 4.12 and Fig. 4.13) will be more obvious at high

frequencies where the wavelength becomes shorter.

Table 4.2: Relevant parameters of the theoretical model.

Property Value
Air density, po (Kg/m?®) 1.293
Atmosphere pressure, Py (Pa) 1.01x10°
Dynamic viscosity of air, 1 1.85x10°
The specific heat ratio of air, y 1.4
Thickness of the cavity, D; (m) 0.0117
Thickness of the cavity, D> (m) 0.0363
Porosity of porous materials, @ 0.8
Thickness of woven prepreg, t; (mm) 0.1
Thickness of woven prepreg, t, (mm) 0.1
Thickness of porous materials, D; (m) 0.002
Thickness of porous materials, D; (m) 0.002
Diameter of perforation, d; (mm) 0.1
Perforation ratio of the woven prepreg, p (%) 8.6
Pore diameter of porous materials d, (m) 0.00015
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Fig. 4.12: The theoretical model and experimental results of the folded structure.
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Fig. 4.13: The theoretical model and experimental results of the composite materials.

4.3 Parametric Investigation of Sound Absorption Performance

With the valid theoretical model, the influence of different structural design
parameters on the sound absorption characteristics could be investigated. Firstly,

the influence of composite materials thickness in the folded structure was
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considered (as shown in Fig. 4.14). It should be noted that the thickness of the
composite panel ‘t” was not changed at this time, but only the thickness of the
porous materials ‘D;” and ‘D’ inside the composite. From the Fig. 4.14(a), it can
be seen that with increasing thickness, the sound absorption coefficient curve
moves to a lower frequency, and the second absorption peak is declining while
the third absorption peak is rising. Meanwhile, the minimum sound absorption
coefficient of the curve is increasing from 0.32 to 0.62 with the thickness
increasing from 1 mm to 5 mm. Additionally, Fig. 4.14(b) shows where the
resistance (Re) is around 1 and the reactance (Im) is zero. Increasing the
thickness of the composite will also increase resistance and make reactance
closer to zero in most frequencies. Therefore, it can be concluded that increasing
the thickness of composite materials can improve the sound absorption ability of

the whole structure.
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Fig. 4.14: The influence of the thickness of composite materials in folded structure on: (a) Sound

absorption coefficient, and (b) The specific acoustic impedance (resistance, Re, and reactance,

Im).

The influence of the height of the whole structure ‘H’ has also been studied

parametrically (as shown in Fig. 4.15). It shows an interesting phenomenon that

the height of the whole structure does not significantly affect the absolute

maximum and minimum values, only changing the peak frequencies. With

increasing height, the peak frequency moves to a lower frequency and the period

of the curve decreases. This means the height of the whole structure will not

affect the sound absorption ability but only the sound absorption characteristics

of the structure.
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Fig. 4.15: The influence of the height of the whole structure on: (a) Sound absorption coefficient,

and (b) The specific acoustic impedance (resistance, Re, and reactance, Im).

The height of the two cavities in the theoretical model can be effectively
changed by changing the folding angle of the structure. Hence, the influence of
the inner cavity height ‘D>’ on the sound absorption ability is considered at last
in Fig. 4.16. It should be noted that the total height of the structure is not changed
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in this process. The results show that there is no obvious difference in the sound
absorption coefficient curve while the height increases. Thus, the folding angle

should be considered for mechanical properties rather than sound absorption

properties.
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Fig. 4.16: The influence of the inner cavity height in folded structure on: (a) Sound absorption

coefficient, and (b) The specific acoustic impedance (resistance, Re, and reactance, Im).

4.4 Conclusion

76



In this study, a composite material composed of woven prepreg and
ventilated felt has been designed and prepared. The composite materials have
also been processed to form a folded structure and the sound absorption
performance of the structure and materials were experimentally tested. The
results showed that compared with the woven prepreg the composite materials
could significantly improve the sound absorption coefficient of the wave troughs
in the sound absorption coefficient curve. Folding the composite into a structure
can further improve the wave troughs in the sound absorption curve. The
experimental results showed that the folded structure could maintain the sound
absorption coefficient over 0.4 in the range of 400-6300 Hz, realizing broadband
sound absorption. In addition, the corresponding theoretical model has been
established according to the characteristics of the structure, and the calculation
results showed good agreement with the experimental results. Lastly, according
to the theoretical model, several key parameters in folded structure design have
been analyzed with the following results:

(1) Increasing the thickness of the composite materials will shift the sound
absorption curve to lower frequencies, increase the trough values, and reduce the
peak values.

(2) The height of the whole structure will not affect the sound absorption
ability but only the sound absorption characteristic of the structure.

(3) The folding angle of the folded structure does not significantly affect
the sound absorption ability of the structure.
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Because the composite is light and easy to produce, the materials can be
widely used in interior decoration (e.g. rooms, cars, trains). At present, different
porous materials are widely used in commercial areas to absorb sound. The
composite proposed in this part can be a better replacement as it mixed micro
perforated plate and porous materials in a simple method which makes it not
only better absorb sound in resonance frequency but also keep a smooth surface

(better appearance).

78



Chapter 5 A Novel Membrane-coupled Foldable Structure with
Low Frequency Sound Absorption and Vibration Isolation

Performance

From Chapter 4 it can be found that although folded structure can achieve
sound absorption ability, it cannot bear load without a structure component.
Therefore, Chapter 5 wants to use a rigid material as the structure frame
component and the sound absorption can be achieved by the surface inside the
frame component. In this situation, the membrane acoustic metamaterials is the
best choice as it can achieve excellent sound absorption ability with a thin
thickness.

Acoustic metamaterials are a kind of artificial material that contain sub-
wavelength meta-atoms or microstructural units with a periodic arrangement,
such as membrane resonators [98], space-coiling fractals [112], or porous
metamaterials [36], to achieve excellent acoustic performance that cannot be
found in natural materials [78]. These have proven effective for low frequency
noise absorption as well [83-87]. Among such designs, Membrane Acoustics
Metamaterials (MAMs) combine membranes and tiny rigid mass blocks to
achieve improved sound absorption ability in low frequency ranges by negative
mass density. Because of this, and their ultra-lightweight structure, many studies
have been conducted to expand the application of MAMs. Xing et al. [103]

developed a MAM with a negative pressure cavity. The experiment results
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showed that the structure with a negative pressure cavity, showing that it can
obtain a higher absorption peak at low frequencies than a similar structure
without negative pressure. Furthermore, the initial negative pressure could be
tailored to target particular sound absorption frequencies. Lucas et al. [104]
assembled membrane-type metamaterials of different shapes and sizes into
larger panels for effective sound insulation, Using Finite Element models and
experiments to validate the designs. It can be found that previous studies of
MAM often pay much attention to sound absorption performance and ignore the
load-carrying properties which is an important index in the application of sound
absorption structure [79].

However, it is difficult to balance both the acoustic and mechanical
performance of MAMs as they have some conflicting characteristics. For
example, if the panel of micro perforated plate (MPP) honeycomb structure is
replaced with a membrane, the structure will lose its ability to withstand bending
[227]. Therefore, it is necessary to find a new strategy that can better combine
MAMs and structural components to expand the application of these materials
for noise absorbing structures. Origami-based foldable structures are widely
used in sound absorption applications because of their excellent design
flexibility and fabricability [152, 212-214]. Compared with traditional
honeycomb structures, origami-based foldable structures have interconnected
cavities rather than enclosed cavities which means the sound waves can be better
absorbed. For example, Yu et al. [152] combined a micro-perforated membrane
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with an origami sheet in order to form backing cavities and act as a resonant
sound absorber. In their structure, the foldable origami sheet can adjust the shape
and depth of the backing cavities during folding, enabling different sound
absorption effects. This demonstrates the acoustic potential of the origami-based
foldable structure.

In this study, the novel combination of a foldable frame structure with
membrane-type acoustic metamaterials panels is proposed to achieve the

unification of acoustic and mechanical performance.

5.1 Materials and Methods

5.1.1 Materials

In order to prepare the complex foldable structures suitable for the size of
impedance tubes, relatively versatile and easy to manufacture materials with
good properties were required. Hence, a modified polylactic acid (PLA+,
Shenzhen Esun Industrial Co., Ltd.) was used in this research as the frame
material for the foldable structure. Because the membrane resonator is highly
sensitive to the membrane tension, the Polyolefin Film (POF) was used to cover
the frame and act as the sound-absorbing membrane material. After the POF
membrane is bonded on the frames, all the frames will be put into the drying box
for about 30s under 150°C to make the membranes have the same tension
condition (as shown in Fig.5.1). Cylindrical steel blocks Imm thick and 6mm,
8mm, or 10mm in diameter were bonded to the POF as mass blocks to improve

the sound absorption performance. An aramid paper honeycomb with 50mm
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thickness and 5.5mm side length was used as a conventional control structure

for the mechanical and vibration isolation tests.

Fig. 5.1 The drying box

5.1.2 CAD models and 3D printing

CAD models of the whole folded structure were prepared according to the
geometric parameters outlined in Fig. 5.2 (a). The 3D printed frame components
were designed as a periodic foldable structure, consisting of several
parallelograms. However, in order to fit within the diameter of the impedance
tube (100mm), a suitable cylindrical slice of the repeating design from Fig. 5.2
(a) had to be modified and prepared for printing of the PLA frame components.
Then, the frame, membrane, and mass block components were bonded together
using cyanoacrylate glue and folded into the testing sample configuration shown
in Fig. 5.2(b). Fig. 5.2(c) shows the folding process of the foldable structure
connected by hinges. Besides, a POF membrane is also covered on the top of the
structure to make the surface smooth and improve the sound absorption ability.

Because at least one minimum cell should to put into the impedance tube, the
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parameters of the height and edge length are kept as the Chapter 4 sets. The
thickness of the frame is set to 2 mm to achieve a balance between weight and
compression strength. At last, The height of the structure is 50mm, the minimum
cell of the foldable frame is a parallelogram with 60mm length and 30mm width,
the acute angle of the parallelogram is 60° and the folded angle is 55°. The
frames were printed in 10 layers (20um in height), with 100% fill density at a
speed of 30mm/s.
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Fig. 5.2 Schematics of the foldable structure: (a) CAD model with dimensions and (b) the sample

fabrication process.

5.1.3 Mechanical testing

Due to the foldable structure is a noise reduction structure, which is
commonly used for parts such as fan inlets and outlets, and building surfaces that
do not need to bear the main load. The foldable structure mainly bears the
compressive load caused by its weight and the connection structure in the
application. In addition, the foldable structure is bonded to the upper and the
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bottom panel through resin or glue. When the structure receives tensile or shear
forces, the strength of the structure mainly depends on the adhesive materials
rather than the structure components. Therefore, only compression tests are
conducted in mechanical testing. In order to compare the load-bearing capacity
of the foldable and honeycomb structures, compressive mechanical testing was
performed on an MTS E45 universal testing machine, with a -0.2mm/s constant
rate of extension. The compressive stiffness and strength of the different
structures were assessed according to the ASTM C 365/C 365M-05.
5.1.4 Sound absorption testing

The sound absorption test was carried out according to the ISO 10534-2
standard, using an SW 466 impedance tube testing system (Beijing Shengwang
Acoustic-electric Technology Co., Ltd) with an internal diameter of 100mm, the
details of it can be found in [228]. During the test, the sound wave with a range
of 63-1600Hz was made by the speaker to test the sound absorption ability of
the foldable structure in low frequency, and the data was collected by the
microphone to calculate the sound absorption performance of the structure. In
order to analyze the influence of the mass block, three different structures with
6mm, 8mm, and 10mm diameter mass blocks were tested.
5.1.5 Vibration isolation testing

The vibration isolation test system consisted of a vibration generator
(m120-CE, IMV corporation, Japan), acceleration sensors (VP-32, IMV
corporation, Japan), a data acquisition system (K2 sprint, IMV corporation,
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Japan), and a power amplifier. Two acceleration sensors were fixed on the top
and bottom surfaces of the structure respectively. The upper sensor was used to
measure the acceleration of the structure and the bottom sensor was used to
control the acceleration of the vibration generator. The bottom of the test sample
was mechanically fastened to the vibration generator. Ultimately, the vibration
isolation behaviour of the structure was obtained from the ratio of the upper and
the bottom acceleration sensors.
5.1.6 Finite element modeling

The sound absorption characteristics of the foldable structure were
analyzed in ANSYS using a Finite Element (FE) model consisting of Fluid30
(shown in purple in Fig. 5.3) and Shell181 (cyan) elements to simulate the air
and membrane regions respectively. Solid181 (red) elements were used for the
frame, mass block, and impedance tube components of the model, while the
frame and impedance tube were considered as fixed boundaries. Fluid-structure
interaction (FSI) was added between the Fluid30 elements and other elements.
A sound source with 0.2Pa pressure was set in the impedance tube, and the model
was meshed with 72156 elements. Hexahedral elements were used for the
impedance tube while all other regions consisted of tetrahedral or triangular

elements.

85



(b)

Mass block

(c)
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Fig. 5.3 FE model of the (a) impedance tube, (b) sound absorption structure, and (c) foldable

frame structure.

5.2 Results and Discussion

5.2.1 Sound absorption performance

The results from sound absorption testing are shown in Fig. 5.4. It can be
found that the sound absorption curve has a lower first absorption peak with the
increase of the mass block diameters, which draws a similar result to the previous
research [229]. The different mass block size has a similar sound absorption
characteristic from an overall perspective (the average sound absorption
coefficients of structure with 6 mm, 8 mm, and 10 mm diameter mass blocks are
0.227,0.419, and 0.303). The different mass block sizes clearly produce different
sound absorption peaks. There are four main sound absorption peaks for 6 mm
and 8 mm type samples and three sound absorption peaks for 10 mm type sample
(298 Hz, 688 Hz, 1160 Hz and 1362 Hz for 6mm type sample; 352 Hz, 764 Hz,
1228 Hz and 1568 Hz for 8mm type sample; 348 Hz, 764 Hz and 1230 Hz for

10mm type sample) and the peak is moved to a higher frequency with the
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increase of the diameter of the mass block. The green curve is the testing results
of the typical MPP-honeycomb structure as a comparison, it is clear that all the
foldable metamaterials samples have a better sound absorption performance than
it. At this time the average sound absorption coefficient of MPP-honeycomb
structure is 0.201.

It can be found that although the mass block with a 6 mm diameter has the
lowest sound absorption peak, it does not show a good sound absorption ability
in a wide range. The sample with an 8§ mm diameter mass block has the best
sound absorption performance. When the diameter increased from 8 mm to 10
mm, the sound absorption coefficient decreased again. We assume this
phenomenon is caused by the influence between frame size and diameter of the
mass block. The increase in the diameter of the mass block will also lead to a
decrease in the area of the membrane. Therefore, although the increase in the
diameter of the mass block can promote sound absorption, when the diameter of
the mass block exceeds a certain range, the smaller membrane area will lead to
a weakening of the sound absorption effect.

Compared with the folded structure presented in Chapter 4, it can be found
that although they use a similar structure, the sound absorption characteristics
are totally different. Chapter 4 folded structure achieves sound absorption by the
combination of MPP and porous materials. Compared with the membrane-mass
block sound absorption structure, MPP also uses resonance to achieve sound
absorption but both MPP and porous materials highly depend on the height to
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obtain good sound absorption performance. The membrane-mass block structure
is mainly determined by the membrane tension and the weight of the mass block.
Therefore, the foldable does not rely on the height to keep a good sound
absorption ability and we can see the different sound absorption characteristics
in Chapter 4 and Chapter 5 structures as they have different sound absorption
strategies.

At last, a finite element model was established to analyze the sound
absorption performance of the foldable metamaterials. Fig. 5.5-5.7 show the test
results between different test samples. The red arrows in Fig. 5.5-5.7 represent
the positions of the peak frequency calculated by the finite element model (300
Hz, 660 Hz, 1140 Hz, 1400 Hz for 6mm type sample; 340 Hz, 800 Hz,1200
Hz,1550 Hz for 88 mm type sample; 410 Hz, 830 Hz,1320 Hz for 10mm type
sample). The finite element results show a good agreement with the experiment
results. Besides, it also shows that the foldable metamaterials have a higher
sound absorption peak frequency with a larger mass block diameter. This feature
is consistent with the experimental results.

Fig. 5.8(a) and Fig. 5.8(b) show the strain intensity of all membranes, and
a single membrane, at a resonance frequency of 350 Hz. It is clear that in
resonance frequency the strain at the mass block area is much less than in other
places which proves the assumption that the area of the mass block will limit the
strain of the membrane, and the resonance of the membrane was the main sound
absorption method in the foldable metamaterials.
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It can be concluded that resonance is the main sound absorption method in
membrane-mass structures, where the sound energy is consumed by the vibration
of the membranes and mass blocks [230, 231]. This is, therefore, most effective
at the resonant frequencies, where the absorption peaks are observed and are well
modeled by the FE simulations. Subsequently, the foldable metamaterials can
achieve sound absorption in different frequencies by changing the diameter of
the mass blocks, and the finite element model can help to choose suitable mass

blocks to target absorption at specific frequencies.
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Fig. 5.4 The sound absorption coefficient of the foldable structure with different mass block
diameters. The shadow around the curves shows the standard deviation from the mean of three

samples.
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Fig. 5.5 The sound absorption coefficient curve of the foldable structure with 6mm mass block
diameters. The red arrows show the positions of the sound absorption peak frequencies predicted

by the finite element model.
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Fig. 5.6 The sound absorption coefficient curve of the foldable structure with 8mm mass block
diameters. The red arrows show the positions of the sound absorption peak frequencies predicted

by the finite element model.
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Foldable structure-10mm
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Fig. 5.7 The sound absorption coefficient curve of the foldable structure with 10mm mass block
diameters. The red arrows show the positions of the sound absorption peak frequencies predicted

by the finite element model.
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Fig. 5.8 The strain of the membrane in foldable structure with 8mm mass block (a)All

(a)

membranes (b) One membrane.

5.2.2 Vibration isolation test results

The main noise transmission methods can be divided into air transmission
and solid transmission. Hence, this study has also investigated the vibration
isolation ability of the PLA foldable metamaterials since noise can also transmit

through the structure itself. The honeycomb structure was used again as the
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control structure to analyze the vibration isolation efficiency. Samples of both
structures had the same cross-section area and height, while the 6mm diameter
mass blocks were chosen for the foldable metamaterials. Aluminum plates were
bonded to the top and bottom surfaces of the structures to better monitor the
vibration of the structures.

The resonance frequency and vibration transmission coefficient were the
main factors resulting from the vibration isolation tests. In order to compare with
sound absorption performance, a vibration generator was used to apply a simple
harmonic vibration from 10 Hz to 1600 Hz. The output acceleration was
recorded by the upper acceleration sensor (as shown in Fig. 5.9(a)), and the input
acceleration was kept at 3m/s?, controlled by the bottom acceleration sensor (Fig.
5.9(b)). Lastly, the vibration transmission coefficient was determined by the ratio

of the output and the input accelerations in Equation 5.1:

Aout
Ain

T=lg (5.1)
The vibration isolation test results can be seen in Fig. 5.9(c). This research
mainly compared the first resonant peak of honeycomb structure and foldable
structure which can directly indicate the vibration isolation performance. Here
the resonance frequency of the honeycomb structure was much higher (750 Hz)
than that of the foldable structure (350 Hz), indicating better vibration isolation
in the foldable structure. This is attributed to the compliance of the foldable
frame structure that allows for some bending and thus greater damping.

Additionally, the resonance frequency of the foldable metamaterials (350 Hz) is
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also the frequency of the first sound absorption peak in Fig. 5.4, which can also
substantiate that the sound absorption ability of the foldable structure comes

from its resonance.
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Fig. 5.9 Vibration isolation test: The testing sample of the (a) PLA foldable metamaterials and

(b) honeycomb structure, along with the (c) transmissibility of both structures.

5.2.3 Mechanical performance

The combination of a honeycomb structure and a micro perforated plate is
the most common design for dealing with transportation noise. Therefore, this
configuration has been used as a control case, to evaluate the relative mechanical
performance of the foldable metamaterials. Since the micro perforated plates do
not affect the mechanical properties during compression and the compress
strength is much larger than aramid honeycomb structure, only the honeycomb
structure was tested. A minimum unit of the foldable metamaterials frame was
extracted for testing convenience (shown in Fig. 5.10(a)), the honeycomb
structure had the same area (18 cm?) and height (50 mm) as the foldable structure
sample (Fig. 5.10(b)). Three repeats were conducted for each sample type.

Additionally, grooves were added to the bottom plate of the folded structure to
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avoid sliding and to replicate a strong adhesive connection to a rigid surface, as

would be the case in a real application.

(b)

Fig. 5.10 Samples for mechanical testing: (a) Foldable structure (b) Honeycomb structure.

The formula (5.2) and (5.3) show the calculation method for compression
strength and modulus:

0 = Puax/A (52)

E = ((Psoy — P2s)/A)/((850% — 6250%)/1) (5.3)

where Pmax is the max load before failure, A is the area of the sample, 54, and

8,59, are 50% and 25% max deflection value, Pgqo, and P,se, are loads
corresponding to the deflection, and t is the thickness of the sample.

To ensure the compression testing of foldable metamaterials with one cell
and several cells has the same results, the foldable metamaterials frame with four
cells is also tested by a Universal Testing Machine (UTM) (as shown in Fig.
5.11), and the testing results showed that it has the same compression properties

with the one cell sample.
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Fig. 5.11 The Compression testing of the foldable structures with several cells

Fig. 5.12 shows images of both samples from before (a) and after (b)
compression testing, along with representative experimental load-extension
curves (c¢). From these two curves, it is clear that the mechanical performance of
the honeycomb structure is superior in terms of both stiffness and strength. As
listed in Table 5.1, the modulus of the honeycomb structure was
117.67+£19.67MPa while the modulus of the foldable metamaterials was
10.76£2.38MPa. The compression strength of the two structures were
0.573+0.039MPa and 0.23+0.021MPa respectively. The poor performance of the
foldable metamaterials in this case is attributed to the relatively soft PLA
materials that make up the frame components. However, the ductile (4,5% failure

strain) response of such a structure may still be of benefit for some applications.

95



1.0 |- lA'\

08 | {
0.6 f w Prnax

'S
T

Load / kN
s

PSO% ll .

|

|

|

PZS% /, !
0.0 -

Folded structure
Honeycomb

0.0 8250 8500, 1.0 1.5 2.0

- (C) Displacement / mm

Fig. 5.12 Compression testing of the honeycomb and foldable structures: Images from the
beginning (a) and end (b) of testing, along with the load-displacement curves of honeycomb and

foldable structures (One group).

Fig. 5.13 and Fig. 5.14 show the foldable structures sample made by
aluminum alloy and Carbon Fiber Reinforced Plastics (CFRP) respectively, the
composites (bought from Well Advanced Materials Co., Ltd.) used T300 as the
reinforced fiber and WP-R5600W3K as the matrix. A Stainless-steel plate with
a triangle opening was used to fix the structure (As shown in Fig. 5.13(a)), the
acrylic resin was used to bond the different frames together, Fig. 5.13(b) and Fig.
5.14(b) showed the CFRP and Al folded structure sample and Fig. 5.15 showed
the one compressing testing results from three experiments. At last, the
compressive strength and modulus of the Al foldable structure are 1.017+0.14
MPa and 145.02+13.15 MPa, the CFRP foldable structure is 3.34+0.11 MPa and
233+12.33 MPa which both are much larger than honeycomb structure. During

the compression process, the structure showed bending deformation as the
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parallelogram frame is connected at an oblique angle which explained the lower
slope at the initial stage of the Load-Displacement curve. The initial failure of
the Al foldable structure is because of the crack of the resin connection, after this,
the structure can still bear the load of a large deformation by the plastic of the
Al. When the CFRP foldable structure fails, the crack also first appears at the
connection of the different parallelogram frame (the first drop in the Load-
Displacement curve), and the structure is destroyed ultimately due to the fracture

of the frame (the second drop in Load-Displacement curve).

Fig. 5.13 Mechanical testing sample of Al sample: (a) Frame structure before assembly (b)

Foldable structure

Table 5.1 shows the mechanical properties of the MPP-honeycomb
structure and foldable structure made of Al and CFRP. Here, the weight of the
foldable structure and honeycomb are obtained by weighting the testing sample
while the weight of the MPP-Honeycomb structure is calculated through the
density and volume of the structure. The MPP is assumed to be an aluminum
alloy plate with an 8% perforation rate and 1mm thickness, with the density
setting as 2.8g/cm>. Therefore, the weight of the micro perforated plate is

46.368g. The weight of the honeycomb is 4.20+0.23g, and the weight of the
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CFRP foldable structure is 7.63+0.037g ( with the 6mm diameter of the mass
block). It can be found that although a honeycomb has a lighter weight, it needs
to combine with a micro perforated plate to obtain sound absorption ability
which would greatly increase its weight. This can be avoided by foldable
structure because it mixes sound absorption structure and load-bearing structures
together.

In conclusion, the CFRP foldable has much less weight than the traditional
MPP-honeycomb structure while showing better mechanical properties. The

strength and modulus are increased by 483% and 98%.

(b)

Fig. 5.14 Mechanical testing sample of CFRP sample: (a) Frame structure before assembly (b)

Foldable structure.
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Fig. 5.15 Compressing testing results (One sample).

Table 5.1 Compression properties of honeycomb structure and foldable structure.

Mechanical MPP-Honeycomb Foldable Foldable Foldable

properties structure metamaterials-Al metamaterials -CFRP ~ metamaterials -PLA
Strength / MPa 0.57+0.04 1.02+0.14 3.3420.11 0.2340.021
Modulus / MPa 117.67£19.67 145.02+13.15 233.02+12.33 10.7642.38

Weight/ g 23.42+0.248 13.36+0.16 7.6320.04 7.91+0.01

Fig.5.16 reprinted from the lightweight sound absorption structure work of Xiao et al. [232].
It can be found that the Chapter 5 work (foldable structure) is still in a high compression

strength position with a low density when compared with other work in the structural field.

99



1 04 [ Diamond J Ref.
Unattainable Cispa. § e L2ac]
= property space / N ] m [233]
o 3 CFRP/ | { 1
z | 0 3 ™C co%j_inc:lrITGFRP 5 : ? 2 [234]
—’ |l\c‘ k : o [235]
= " CFRP W/ \¢t / o |
CéQ 10° honeycombs 3 §_ 3 [236]
g EXpE /\ / :'." ""\ Al tetrahedral .E‘ : [237]
17 ;[ crre \ S be g
g 10" F pyramydal /,/,'-"’ ® ) g 'g [238]
/ 24 E
) /.'*’ » o 2 1239
w 7 P / = 1 I. J
2 100 ¢ 7 g |
g C‘h(jlpter Swark \ MPP-honeycomb structure > & [241]
U -1 “Metal foams
107 ¢/ 1 <4
[ X i
; [ : 2 Polymer foams ] > [243]
l 0-- P " 1 I AN A
-2 X 2
107 10°! 10° 10’ 10°
: 3
Density (g/cm”)

Fig. 5.16 Ashby charts displaying the properties of compression strength and density in this work

and some latest references[233-244], reprinted from [232].

5.3 Conclusion

This research demonstrates the design and fabrication of a novel foldable
PLA structure, prepared by 3D printing and a high performance structural CFRP
alternative. The sound absorption performance was tested by an impedance tube
method, showing that the sound absorption characteristics of the foldable PLA
structure could be modified by changing the diameter of the mass blocks on a
membrane within the folded frames. With the increase of the mass block
diameter, the number of sound absorption peaks increased and shifted to lower

frequencies. Meanwhile, a FE model accounting for fluid-structural interaction
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was established to analyze the sound absorption characteristics of the structure.
The simulated strain distribution results illustrated that resonance of the
membrane was the main method for sound absorption in the structure.
Furthermore, experimental compression and vibration isolation testing of both
the foldable PLA structure and a reference honeycomb structure was performed.
The testing results showed that the first resonant peak in the vibration isolation
test decreased from 750 Hz to 350 Hz. At last, the material of the frame was
changed to Al and CFRP to show the potential of the mechanical properties of
the foldable metamaterials. The results showed that the modulus and strength of
the foldable metamaterials can achieve 233.02 +12.33 MPa and 3.34+0.11
MPa respectively when the material of foldable metamaterials is CFRP.
Compared with the MPP-honeycomb structure, the compression strength and
modulus of the CFRP-type foldable metamaterials are improved by 483% and
98% respectively while the weight is decreased by 67.4%.

However, it should be admitted that the foldable structure does not achieve
a good sound absorption performance in general, especially in low frequency.
From the test, it can be found that the diameter (weight) of the mass block will
influence the sound absorption performance. However, we have not considered
the effect of membrane tension stress on its sound absorption performance.
Because the resonance of the membrane is the main method to absorb sound
energy in this structure, the tension stress of the membrane will influence the
sound absorption characteristic of the membrane a lot. Therefore, choosing an
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appropriate tension stress is very important to achieve a good sound absorption
performance and we assume this is the reason why foldable structure cannot
show a good sound absorption ability. However, because we use the internal
stress of the POF membrane, it is hard for us to change the tension stress under
this condition. In the next step, the membrane of the foldable structure should be
installed under a membrane tensioning device so that we can study the influence

of the tension stress and design the best condition.
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Chapter 6 Overall Summary of the Thesis and Future Plan

6.1 The Summary of the Research

At present, noise pollution has become a significant environmental risk,
attracting increasing attention from researchers. The sound-absorbing materials
typically lack mechanical characteristics such as lightweight and high-strength,
as these properties are often mutually exclusive. However, in practical
applications, the mechanical properties and weight of sound-absorbing materials
are crucial factors that cannot be ignored. Therefore, this thesis focused on the
integration of sound absorption and structural bearing, while maintaining the
characteristics of light weight. Initially, this thesis optimizes the MPP-
honeycomb structure, combining a hierarchical pore structure with the
traditional MPP-honeycomb to enhance sound absorption without increasing
weight. Subsequently, a woven fabric composite was designed to create a folded
structure that serves both sound absorption and load-bearing purposes. Based on
this, membrane-type acoustic metamaterials (AMs) was used as the panel of the
folded structure to achieve the lightweight, high-strength, and high-efficiency
sound absorption ability ultimately. Fig.6.1 shows the characteristics of these
three works on sound absorption performance, structural properties, and simple

manufacturing.
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Fig. 6.1 The characteristics of three works.

The main achievements and innovations are as follows:

(1) A micro perforated sandwich panel with a honeycomb-hierarchical pore
structure core has been developed. This structure combines a porous material
with a hierarchical pore structure and a micro perforated sandwich panel with a
honeycomb core together to achieve a lightweight broadband sound absorbing
structure. Experimental results showed that the structure can absorb sound in the
range of 200-6000Hz effectively, with an average sound absorption coefficient
of 0.626 +0.028. Theoretical and FEA models have been established to
predictively calculate the sound absorption performance of such structures,
showing agreement with experiment results (16.8% and 8.6% error respectively).
Overall, this structure greatly increases the sound absorption ability on the basis
of sacrificing the weight and adding manufacturing difficulties.

(2) A composite material composed of woven prepreg and ventilated felt

has been designed and prepared. Then, the composite materials was processed
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to form a folded structure and the sound absorption performance of the structure
and materials were experimentally tested. The results showed that compared
with the woven prepreg the composite materials can significantly improve the
sound absorption coefficient of the wave troughs in the sound absorption
coefficient curve. Folding the composite into a structure can further improve the
wave troughs in the sound absorption curve. The experimental results showed
that the folded structure can maintain the sound absorption coefficient over 0.4
in the range of 400-6300 Hz, realizing broadband sound absorption. Meanwhile,
the corresponding theoretical model has been established according to the
characteristics of the structure, and the calculation results showed good
agreement with the experimental results. Lastly, according to the theoretical
model, three key parameters in folded structure design have been analyzed. The
results showed that increasing the thickness of the composite materials will shift
the sound absorption curve to lower frequencies, increase the trough values, and
reduce the peak values. The height of the whole structure will not affect the
sound absorption ability but only the sound absorption characteristic of the
structure. The folding angle of the folded structure does not significantly affect
the sound absorption ability of the structure. In conclusion, these composite
materials have the advantages of simple manufacturing and good sound
absorption ability. However, the lack of load-bearing ability also limited its
application in structural components.

(3) Anovel foldable structure was designed and fabricated by 3D printing.
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The sound absorption performance was tested by an impedance tube method,
showing that the sound absorption characteristics of the structure could be
modified by changing the diameter of the mass blocks. With the increase of the
mass block diameter, the number of sound absorption peaks will increase and
move to a lower frequency. Meanwhile, a FE model accounting for fluid-
structural interaction was established to analyze the sound absorption
characteristics of the structure. The simulated strain distribution results
illustrated that resonance was the main method for sound absorption in the
structure. Furthermore, experimental compression and vibration isolation testing
both of the foldable structure and a reference honeycomb structure was
performed. The results showed that the modulus and strength of the foldable
structure were 233.02+12.33 MPa and 3.34+0.11 MPa respectively when the
material of foldable structure is CFRP. At last, the foldable structure was
compared with the honeycomb structure. The experimental results indicated that
compared with the MPP-honeycomb structure, the compression strength and
modulus of the foldable structure are improved by 483% and 98% respectively,
and the first resonant peak in the vibration isolation test is decreased from 750
Hz to 350 Hz. In summary, all the tests can prove that the foldable structure has

achieved a balance between lightweight, load-bearing, and sound absorption.

6.2 Future Works

It can be found that although the micro perforated sandwich panel with

honeycomb-hierarchical pore structure core and membrane-coupled foldable
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structure can achieve sound absorption and load bearing at the same time, both
of them have some limitations. The hierarchical pore structure will increase the
weight and the membrane-coupled foldable structure does not have an excellent
sound absorption ability. Therefore, these works still have a distance between
the practical applications. To fill up these shortages, potential research topics are
listed below:

(1) Using the composite materials in Chapter 3 replaces the membrane
metamaterials to achieve better sound absorption performance of the foldable
structure in Chapter 4. It can be found that the sound absorption performance of
the foldable structure in Chapter 4 is not well enough, mainly because the
membrane metamaterials cannot absorb sound effectively in an inclined
condition. Because of the composite in Chapter 3 has been proved that it can
absorb sound well in inclined conditions. Using the composite may obtain a
better sound absorption performance.

(2) Optimizing the membrane metamaterials. Optimizing the membrane
metamaterials is another solution in order to improve the sound absorption
performance of the foldable structure in Chapter 4. According to sound
absorption mechanisms of membrane metamaterials, the position and weight are
two main factors that influence the sound absorption effect. As the weight has
been tested in Chapter 4, the position can be optimized for a better sound
absorption performance. For instance, the mass of the membrane metamaterials
can be changed to two half-round iron plates and bonded on the two sides of the
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membrane.

(3) Foldable structure. Although Chapter 4 is named after the foldable
structure, it can be found that most samples in Chapter 4 cannot be changed after
they are fabricated. Only Fig. 5.2(c) showed a foldable structure that was
connected by a hinge. However, the foldable structure cannot show a good
mechanical performance because the connection by hinge needs to punch on the
frame which will decrease the strength a lot. Therefore, if the hinge can be
bonded on the frame rather than bolted connection, the structure can change the

height at any time which will increase the application area of the structure a lot.
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Appendix A The Matlab Program for the Theoretical Model in Chapter 3

% Determine the frequency range.
=10:10:6300;

% Input the related parameters.
w=2*pi*f;

c=340;

p0=1.295;

P0O=1.01*10"5;

n=1.85*10"-5;

d1=0.00015;

a=dl/2;

p2=0.97;

u=1.5;

v=2.84*10"-5;

r1=1.4;

1=0.05;

12=5;

t=1;

d2=1.3;

d3=0.0010;

a3=d3/2; %

p3=0.07;
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p4=0.0538;

% Calculating the acoustic impedance of the porous materials Z3.
k=d1*(w*p0/4/n).70.5;

k22=d3*(w*p0/4/n).~0.5;

X1=1+9+(k. 2)./2).2(-0.5)+H(8.*n./(11. *w*p0*ar2)).*(1+k.12./32).10.5;
X2=1+(9+(k22./2)./2).2(-0.5)+H(8.*n./(11. *w*p0*a3/2)).*(1+k22.72./32).70.5;
K=P0.*(1+1i.*w*d1°2*(r1-1)/8/4/v);

K2=P0.*(1+11.*w*d3/2*(r1-1)/8/4/v);

pl=p0.%*X1*3./p2;

p22=p0.*X2*1./p4;

z3=-11.*((p1.*K).”0.5).*cot(w.*1.*sqrt(p1./K));

% Calculating the acoustic impedance of the micro perforated plate Z;.
k2=d2*(w/4/u/1000).70.5;

k3=d3*(w/4/u/1000).70.5;
z1=(32*p0.*u.*t.*(1+k2./2./32).20.5./d2/2+11.%w./1000.*p0.*t.*(1+1./(9+k2.A
2./2).70.5))./p3;

% Calculating the acoustic impedance of the porous materials with hierarchical
structures Z».

z11=-11*p0*c*cot(w*5/c);
p23=1./(1./real(p22)+(1-p4).*1./real(pl))+11*1./(1./imag(p22)+(1-
p4).*1./imag(pl));
K23=1./(1./real(K2)+(1-p4).*1./real(K))+1i*1./(1./imag(K2)+(1-
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p4).*1./imag(K));
72=-11.*((p23.*¥K23).70.5).*cot(w.*1.*sqrt(p23./K23));
Z1X=real(zl);

Z2X=real(z2);,

Z1Y=imag(zl);

72Y=imag(z2);

X=Z1X+72X;

Y=Z1Y+Z2Y;

% Calculating the sound absorption coefficient a.
a0=4.*p0.*c.*X./(Y. 2+(X+p0*c)."2);

plot(f,a0);
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Appendix B The Matlab Program for the Theoretical Model in Chapter 4

% Determine the frequency range.
f=10:10:6300;

% Input the related parameters.
w=2*pi*f;

c=340;

p0=1.295;

P0=1.01*10"5;

n=1.85*10"-5;

d1=0.00015;

a=d1/2;

p2=0.8;

u=1.5;

v=2.84*10"-5;

ri=1.4;

t=0.1;

d2=0.1;

p3=8.6;

% Calculating the acoustic impedance of the cavity Zcs.
d3=0.0117;
zc3=-1i.*p0.*c.*cot(w.*d3./c);

% Calculating the acoustic impedance of the micro perforated plate Zms,
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d4=0.1;

p5=8.6;

k2=d4*(w/4/u)."0.5;

t1=0.01,
zm3=(32*p0.*u.*t1.*(1+k2.72./32).20.5./d4"2+1i.*w.*p0.*t1.*(1+1./(9+k2.12.
/12).70.5))./p5;

23=zm3+zC3;

% Calculating the acoustic impedance of the porous materials Zc..
d0=0.000150;

12=0.002;

p6=0.97;

k=d0*(w*p0/4/n).~0.5;

X1=1+(9+(K."2)./2).M(-0.5)+(8.*n./(Li. *w*p0*ar2)).*(1+k."2./32) 10.5;
pl=p0.*X1*3./p6;

K=P0.*(1+1i.*w.*d0"2.*(r1-1)/8/4/V);

20=(p1.*K)."0.5;
zc2=1i.*z0.*(1i.*z0+z3.*cot(w.*12.*sqrt(p1./K)))./(1i.*z0.*cot(w.*I12.*sqrt(pl./
K))-z3);

% Calculating the acoustic impedance of the micro perforated plate Zms.
k2=d4*(w/4/u).”0.5;
Zm2=(32*p0.*u.*t1.*(1+k2.72./32).20.5./d4"2+1i.*w.*p0.*t1.*(1+1./(9+k2.2.
12).°0.5))./p5;
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z2=zm2+zC2;

% Calculating the acoustic impedance of the cavity Zci1.

k1=w/c;

D1=0.0363;

Z0=p0.*c;
2¢11=70.*%(z2.*cos(k1.*D1)+1i.*Z0.*sin(k1.*D1))./(Z0.*cos(k1.*D1)+1i.*z2.*
sin(k1.*D1));

% Calculating the acoustic impedance of the micro perforated plate Zy:.
k2=d2*(w/4/u).”0.5;
Zx1=(32*p0.*u.*t.*(1+k2./2./32).20.5./d2/2+1i.*w.*p0.*t. *(1+1./(9+k2.72./2).
"0.5))./p3;

zc12=zx1+zc1l,

% Calculating the acoustic impedance of the porous materials Zc1.

13=0.002;

k=d1*(w*p0/4/n).~0.5;

X1=1+(9+(K."2)./2).M(-0.5)+(8.*n./(Li. *w*p0*ar2)).*(1+k."2./32) 10.5;
pl=p0.*X1*3./p2;

K=P0.*(1+1i. *w*d17°2*(r1-1)/8/4/v);

z20=(p1.*K)."0.5;
zc1=1i.*z0.*(1i.*z0+zc12.*cot(w.*13.*sqrt(p1./K)))./(1i.*z0.*cot(w.*I3.*sqrt(p
1./K))-zc12);

% Calculating the acoustic impedance of the micro perforated plate Zm:.
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Zm1=(32*p0.*u.*t.*(1+k2.42./32).70.5./d2/2+1i.*w.*p0.*t.*(1+1./(9+k2.22./2)
20.5))./p3;

z1=zml+zcl;

Z1X=real(z1);

Z1Y=imag(zl);

X=Z1X;

Y=Z1Y;

% Calculating the sound absorption coefficient a.

a0=4.*p0.*c.*X./(Y ."2+(X+p0*C)."2);

plot(f,a0);
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Appendix C The Publications During the PhD Period

Chenhao Dong, Zhao Liu, Xiaoling Liu, Robert Samuel Pierce, Xiaosu Yi, Sound
absorption performance of folded structures prepared from woven prepreg and
porous material composites, Applied Acoustics. Volume 212,2023,109591.

Chenhao Dong, Zhao Liu, Robert Pierce, Xiaoling Liu, Xiaosu Yi, Sound
absorption performance of a micro perforated sandwich panel with honeycomb-
hierarchical pore structure core, Applied Acoustics, Volume 203, 2023, 109200.
Chen D, Xiong JJ, Bai JB, Dong CH. Simplified analytical model to predict
nonlinear mechanical responses of flexible composite sheet subjected to out-of-
plane loading, Mechanics of Advanced Materials and Structures, 2023, 30(9):
1723-1736.

Zhao Liu, Chenhao Dong, Lu Tong, Chris Rudd, Xiaoling Liu, Xiaosu Yi, A pre-
screening study of honeycomb sandwich structure filled with green materials for
noise reduction, Composites Part A: Applied Science and Manufacturing, Volume
163, 2022, 107226.

Liu Z, Dong C, Tong L, Rudd C, Yi X, Liu X. Sound Absorption Performance of
Ultralight Honeycomb Sandwich Panels Filled with “Network” Fibers—Juncus
effusus. Polymers. 2024; 16(13):1953.

Conference

1.

Chenhao Dong, Zhao Liu, Xiaoling Liu, Xiaosu Yi. Sound absorption
performance of hierarchical pore structure prepared from carbonized cotton.
Presented at the 11th International conference on Green Composites, November 2-
4, 2022, Changwon, South Korea.
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