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Abstract 
 

Noise transmission is a key factor regarding indoor comfort and energy-smart Architecture and 

Engineering. In most cases, occupants of the building must choose between a naturally ventilated 

indoor environment or a quiet one. On the other hand, the acoustic metamaterials (AMMs) allow 

more customisable physical properties according to their spatial configurations, proving significant 

merits over traditional architecture and engineering materials. This PhD study will investigate AMMs 

techniques to develop a window system that can control the incoming noise while allowing natural 

ventilation. This is a crucial point for AMMs research. So far, even if many solutions have been 

developed to pursue this objective, they still lack ergonomics and human perception analysis. Through 

a multi-disciplinary methodology, the author first a) highlighted which are the ergonomic principles 

that add value to the window system from the users perspective, then b) investigated a series of 

suitable AMMs techniques to be applied for noise reduction and natural ventilation, c) developed a 

specific AMM design suitable to follow those ergonomic principles previously highlighted and assessed 

it through human perception, and finally d) optimised a full-scale prototype for a broad acoustic range 

and customisable ergonomic application. Social science, ergonomic, numerical, analytical and 

experimental studies were used throughout the PhD project to draw a full-scale window prototype 

using AMMs to allow natural ventilation independently from the outdoor noise situation. The so-called 

acoustic metawindow (AMW) allows Transmission Loss (TL) of 10-80dB on a significant frequency 

range for human hearing (50-5000Hz) in an open configuration while allowing sufficient natural 

ventilation. In addition, the AMW is proved to positively impact the indoor environment from both 

physical and human perception points of view thanks to its ergonomic nature. This project will open 

a new AMMs field of investigation that is not limited to noise reduction but also includes outdoor 

stimuli optimisation towards a more comprehensive indoor comfort. 
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Figure 2.1          - Figure 2.1 PhD project structure concept including the three subjects (window, 

ergonomics, and metamaterials) and the three methodologies (focus group, 

numerical analysis, experimental analysis). 

Figure 2.2         - Schematic of a double-hung window which became famous as ‘British 

window’[51]. 

Figure 2.3         - Figure 2.3 A rare Yakutian window from the Far East of Russia, made from birch 

bark from the Brooking National Collection (Image from Elements of R. 
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Figure 2.4         - Wall construction with double-pane window from the Master Handbook of 
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Figure 2.5             - Expanded range of mass density ρ and bulk modulus (stiffness) κ [75]. 
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by Haberman and Guild [71].  
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Figure 2.8         - Development of perforated-face Helmholtz resonator from a single 
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Figure 2.9         - Figure 2.9  Formulas for calculating perforation percentage for perforated 

panel resonators, including slat absorbers. [52] 

Figure 2.10 - Figure 2.10 Determined tuning curve of a Helmholtz type resonant absorber 
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Figure 2.11        - Single membrane with negative effective mass density. (A) A schematic 
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Figure 2.16 - (a) A schematic diagram of a conventional hexagonal structure and how it 
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Figure 2.17 - Periodic lattices that show auxetic behaviour [137]. 

Figure 2.18 - Figure 2.18 Schematic of the structure and the unit cell, and the expression of 

relative density for the chiral and anti-chiral honeycombs (left) and the 

hierarchical honeycombs studied by Mousanezhad et al. (right) [139].  

Figure 2.19  Figure 2.19 Chiral topology (a.), Chiral core airfoil (b.) [153] 

Figure 2.20 - Acoustic metasurface-based perfect absorber with deep subwavelength 

thickness presented by Li and Assouar [155]. 

Figure 2.21   - Figure 2.21 schematics of a) left: pleat folds and right: crimp folds [161], and 

b) flat-folding crease pattern (mountain and valley creases are black and grey 

respectively) [161]. 

Figure 2.22 - Top: uniaxial base. Bottom: corresponding shadow tree [161] 

Figure 2.23 - Figure 2.23 Folded and one cut 5 pointed star, produced by ten cuts on a folded 

square piece of paper It [166]. 

Figure 2.24 - Figure 2.24 Common origami crease patterns (mountain and valley folds are 

indicated by dashed and solid lines), respectively (a,e) waterbomb base folding 

lines and in two stable equilibrium positions, (b,f) Miura-ori pattern, (c) 

Yoshimura pattern, and (d) diagonal pattern [161]. 



Gioia Fusaro - PhD Thesis 
 

11 
 

Figure 2.25 - Two approaches for enabling origami with thickness, from Tach [167]: (a) 

Shifting rotation axis for the fold from the midline of the material to the 

material surface; (b) Removing the material near the fold line.  

Figure 2.26 - Figure 2.26 Dielectric elastomer folding actuator with a silver electrode and 

with VHB4095 as a substrate (a) at 0 KV DC, (b) at 5 KV DC and (c) at 10 KV DC 

[177]. 

Figure 2.27 - Figure 2.27 Left: Foldable cylinder based on twist buckling. Right: Leaf patterns. 

Left: leaf-out. Right: leaf-in [161]. 

Figure 2.28 - Relationship among fold properties, fold types and applications [161]. 

Figure 2.29 - Schematics on the numerical methods generally used in acoustics. 

Figure 2.30 - Schematics of turbulence boundary layer definition, according to the different 

velocity fields. 

Figure 2.31 - Schematic of the BEM overview 

Figure 2.32 - Minimization of the reflection of sound waves by an anechoic chamber's walls. 

   

Table 2.1 - Sound Decay in Resonant Absorbers  [49] 

Table 2.2 - Elastic constants of considered materials [153] 

   

 

Chapter 3 
 

Figure 3.1 - Workflow describing the passages between the initial settings, the data 

processing, and the results (the numbers indicate the elements used or elicited 

for each passage).Chapter 3 study parts with relative participants' engagement 

level (=P.E.L., active 'A' or passive 'P'), the purposes, and the responsivity 

percentage of them (R%) 

Figure 3.2 - Chapter 3 study parts with relative participants' engagement level (=P.E.L., 

active 'A' or passive 'P'), the purposes, and the responsivity percentage of them 

(R%) 

Figure 3.3 - Different Scenarios Discussion figures: offices (a, b, c), spare time contexts (d, 

e, f), home environments (g, h, i); and Different Solutions Discussion figures: 

different shapes (j, k), blurring systems (l), opaque systems (m), overglaze 

printing (n, o), blinding and brises solei systems (p), reflective or mirror glaze 

(q, r, s), coloured filters (t, u, v) 
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Figure 3.4 - Background of the participants: (a) gender, (b) age, and (c) nationality. 

Figure 3.5 - Schematic of axial coding phase with the macro-level categories connection 

Figure 3.6 - The attribution of value to Ergonomic Window Design built by the relationships 

between macro-categories and their three fundamental principles. 

 

   

Table 3.1 - Example of open coding workflow with relative processing parts: Statement, 

Chunks, Codes, Categories, Dimensions. 

Table 3.2 - Categories and Macro Categories from the codes that describe qualitatively 

the Window Design 

Table 3.3 - Statements from the Focus Groups Discussion to support the Discussion on the 

first principle: AFFECTIVE IMPACT and CONTEXTUALISATION 

Table 3.4 - Statements from the Focus Groups Discussion to support the Discussion on the 

first principle: FILTERING OUTDOOR STIMULI and CONTEXTUALISATION 

Table 3.5 - Statements from the Focus Groups Discussion to support the Discussion on the 

first principle: MANAGEABILITY and ARCHITECTONICAL INCLUSION 

 
Chapter 4 
 

Figure 4.1 - Geometrical configurations of Design 1 unfolded (a) and folded (b) and 

boundary conditions: central point source, interior sound hard boundaries 

(blue), and cylindrical free wave radiation (dashed line). 

Figure 4.2 - Geometrical configurations of Design 2, frontal view of a) 10° configuration and 

b) 5° configuration. c) Schematic of interior sound hard boundaries, highlighted 

in blue. 

Figure 4.3 - Schematic and dimensions of the metamaterial unit formed in the folded state 

for a) Design 1 and b) Design 2. 

Figure 4.4 - a) Schematic of the Origami Metacage’s TL (unfolded and folded 

configuration), and SPL distribution graph for 0.2 m Design 1 at b) 3000 Hz of 

the unfolded and c) 3900Hz of the folded configuration. 

Figure 4.5 - TL Parameterisation for conical duct as the one in Design 1: a) geometrical 

setting (internal boundary in blue), b) SPL distribution at peak frequency 4400 

Hz, c) TL. 
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Figure 4.6 - TL comparison of Design 1 (unfolded and folded) with different diameters 

dimensions: a) diameter = 0.4 m, and b) diameter = 0.8 m). 

Figure 4.7 - a) Graph representing TL and SPL distribution graph for b) Design 2 with 10° tilt 

at 1800 Hz and c) Design 2 with 5° tilt at 1700 Hz. 

Figure 4.8 - TL Parameterisation for straight duct reproducing the one in Design 2: a) 

geometrical setting (internal boundary conditions in blue), b) SPL distribution 

at peak frequency 2300 Hz, c) TL. 

Figure 4.9 - TL comparison of Design 2 (with 10° and 5° tilt) with different thicknesses: a) 

thickness = 0.4, and b) thickness = 0.8 m. 

Figure 4.10 - Schematic of a1) Design 1.a (Origami metacage with perforations) and b1) 

Design 1.b (Origami metacage with apertures) in the folded and a2,b2) 

unfolded state. The yellow and light blue dots denote the folding points' 

movements along the boundary: valley folds (light blue) and mountain folds 

(yellow). 

Figure 4.11 - Geometrical configurations of Design 1 (a) folded and b) unfolded) and 

boundary conditions: central point source, interior sound hard boundaries 

(blue), and cylindrical free wave radiation (dashed line). 

Figure 4.12 - Dimensions of the metamaterial unit formed in the folded state for Design 1. 

Figure 4.13 - Graph of a) SPL radiation and schematic of SPL distribution for 0.2 m Design 1 

at b)  4700 Hz of the unfolded and c) 8100Hz of the folded configuration. 

Figure 4.14 - Graph representing a) the SPL radiation and schematic of SPL distribution for 

0.2 m Design 1.b at b)  4700 Hz of the unfolded and c) 8100Hz of the folded 

configuration. d) Comparison between SPL radiation of Design 1.a and Design 

1.b. 

Figure 4.15 - SPL radiation of Design 1.b with 0.2, 1, 2 m diameter. 

Figure 4.16 - Geometrical settings and boundary conditions for the particular of the acoustic 

unit cell with cavities width (a), tip height (b), tube width (c), smaller tip base 

(d), tube length (e), rotation angle (α). 

Figure 4.17 - Transmission Loss related to (a) α= 45°, and (b) α= 55°, for the sake of 

simplicity, only even numbers of the cavities parameterisation results, are 

shown. 

Figure 4.18 - Schematic of the physical characteristics according to the metacage window 

geometry: (a)Transversal section of the whole structure (plane xy), (b) 

particular of the frontal section of the AMM (plane zy), highlighting different 
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gradient metamaterial grating with both sides of the AMM that are air, (c) iso-

frequency contours for ξ = G = 2k0. 

Figure 4.19 - Metacage window system: (a) AMM geometrical concept and (b) schematic of 

the flow and the wave propagation 

Figure 4.20 - 3D boundary conditions in the FEM settings: (a) internal sound hard boundary, 

(b) background pressure field, where a=0.1 m, and b= 0.05 m; and (c) TL results 

of the unit cell, AMS, and AMM for a frequency range of 0-5000 Hz expressed 

in dB. 

Figure 4.21 - Geometrical settings of 4 different internal boundary configurations: No 

Metacage (a), Only front panel (b), No flanks (c), Metacage (d); and 

Transmission Loss related to these configurations (e). 

Figure 4.22 - SPL related to the configuration with (a) only the front panel, (b) with the front 

panel and the lateral constraints, and (c) with the front panel, the lateral 

constraints, and cavities involved in the noise reduction through the opening. 

The colour legend refers to dB as a measuring unit, and 3300 Hz is the analysis 

frequency. 

   

Table 4.1  Geometric variables involved in the acoustic unit cell characterisation process. 

 
 
Chapter 5 
 

Figure 5.1 - (a) Schematic representation of the acoustic metawindow structure (left) with 

an exploded view (right) where W is the AMW width (W=0.13 m). (b) Details of 

the AMW unit and a unit cell, including their geometries and dimensions. Here, 

L (L= 0.4 m) and W are the AMW constants, lengths, and width, respectively. 

The characterising measures of the ventilation cavities are respectively B = 

0.095 m and C = 0.067 m. Other geometrical parameters are the number of 

space cavities N, length of each cavity l, rotation angle α, and channel air gap 

g (e.g. Distance between one flank and the other), their dimensions are: N = 4; 

l = 0.066 m, 0.05 m, 0.033 m, 0.016 m; α = 55°; g = 0.024 m. This geometrical 

configuration of the AMW unit and the related measures specified here were 

used for numerical and experimental analysis. 
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Figure 5.2 - (a) Schematic of boundary conditions used in numerical acoustics simulations; 

(b) 2D representation of experimental settings with m= 2m is the length of the 

anechoic chamber’s inner area; (c) photograph of the experimental set-up in 

the anechoic chamber. 

Figure 5.3 - (a) Experimental analysis results in terms of IL related to measurement points 

A, B, and C; (b) Comparison of IL results related to the numerical and 

experimental studies on point A and B: six peaks are distributed along with the 

overall range, where the first is between 300-1000 Hz, the second between 

1000-2000 Hz, the third between 2000-3000 Hz, the forth between 3000-4000 

Hz, and the fifth and the sixth between 4000-5000 Hz. 

Figure 5.4 - (a) Sketches of the AMW unit upgraded models through the perforation of the 

AMM unit frame side panels (the position of the perforated panels is shown in 

the section schematic with blue thicker lines); (b) IL numerical comparison 

between the original AMW unit model and the perforation characterised ones 

(A-C); (c) flanks contribution assessment in combination with the resonant 

volume extension (through perforation). 

Figure 5.5 - Pressure drop against inlet air velocities (a) for different AMW configurations 

and (b) for configuration B with different per-centage of the ventilation 

opening values. 

   

Table 5.1 - CV value calculated between the numerical results values and the 

experimental results values of specific frequency ranges. 

 
Chapter 6 
 

Figure 6.1 - NEXT.ROOM background noise level analysis considering the MV system off 

and operating at second (L2) and fourth (L4) levels of inlet flow. The sound level 

meter was placed at 1.1m of height at each measurement point. 

Figure 6.2 - Background of the participants: (a) gender, (b) age, and (c) nationality. 

Figure 6.3 - Effectiveness of the AMW unit (EffX) according to four psychoacoustic 

parameters: a)Loudness (N), b) Roughness (R), c) Sharpness (S), and d) 

Fluctuation Strength (FS). The graphs show data gathered from the three 

measuring points showed in Figure 5.2.b. X axis represents the recorded sound 

environments, ordered from the most natural to the most artificial one: beach 
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(#1), woodlands (#2), quiet street (#3), pedestrian zone (#4), park (#5), 

shopping mall (#6), and busy street (#7). 

Figure 6.4 - Overall participants evaluation of the 14 soundscape recordings: #1 Beach 

(without and with the AMW unit), #2 Woodland (without and with the AMW 

unit), #3 Quiet street (without and with the AMW unit), #4 Pedestrian zone 

(without and with the AMW unit),  #5 Park (without and with the AMW unit), 

#6 Shopping Mall (without and with the AMW unit), and #7 Busy street 

(without and with the AMW unit). 

Figure 6.5 - Comparison of psychoacoustic analytical results (solid black line) and 

experimental perceived results of Loudness in each soundscape recordings in 

the configuration with the AMW unit applied (bar graphs): #1 Beach, #2 

Woodland, #3 Quiet street, #4 Pedestrian zone, #5 Park, #6 Shopping Mall, and 

#7 Busy street. 

Figure 6.6 - Comparison of the ponderated results for both spontaneous and directed 

sound sources detection in the soundscape recordings without and with the 

AMW unit effect and evaluated through 4 categories of sound sources: . 1) 

Traffic Noise (e.g. cars, bus, trains, aeroplanes, etc.), 2) Other Noise (e.g. sirens, 

construction, industry, loading of goods, etc.), 3) Sounds from human beings 

(e.g. conversation, laughter, children at play, footsteps, etc.), 4) Natural sounds 

(e.g. singing birds, flowing water, wind in vegetation, etc.). 

Figure 6.7 - Difference in the participants' rate of soundscape recordings between the 

Laboratory and the Online 1 (∆𝑟𝑎𝑡𝑒) according to the overall (TOT= total) and 

each specific headset (expressed in percentages). 

Figure 6.8 - Schematics of the soundscape recording #1 Beach (without and with the AMW 

unit) through a) Laboratory and Online 2 participants evaluation (with wired 

headphones, wired earphones, and wireless headphones and earphones), and 

through b) SPL analysis of the soundscape recordings. 

Figure 6.9 - Schematics of the soundscape recording #2 Woodland (without and with the 

AMW unit) through a) Laboratory and Online 2 participants evaluation (with 

wired headphones, wired earphones, and wireless headphones and 

earbphones), and through b) SPL analysis of the soundscape recordings. 

Figure 6.10 - Schematics of the soundscape recording #3 Quiet Street (without and with the 

AMW unit) through a) Laboratory and Online 2 participants evaluation (with 
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wired headphones, wired earphones, and wireless headphones and 

earphones), and through b) SPL analysis of the soundscape recordings. 

Figure 6.11 - Schematics of the soundscape recording #4 Pedestrian Zone (without and with 

the AMW unit) through a) Laboratory and Online 2 participants evaluation 

(with wired headphones, wired earphones, and wireless headphones and 

earphones), and through b) SPL analysis of the soundscape recordings. 

Figure 6.12 - Schematics of the soundscape recording #5 Park (without and with the AMW 

unit) through a) Laboratory and Online 2 participants evaluation (with wired 

headphones, wired earphones, and wireless headphones and earphones), and 

through b) SPL analysis of the soundscape recordings. 

Figure 6.13 - Schematics of the soundscape recording #6 Shopping Mall (without and with 

the AMW unit) through a) Laboratory and Online 2 participants evaluation 

(with wired headphones, wired earphones, and wireless headphones and 

earphones), and through b) SPL analysis of the soundscape recordings. 

Figure 6.14 - Schematics of the soundscape recording #7 Busy Street (without and with the 

AMW unit) through a) Laboratory and Online 2 participants evaluation (with 

wired headphones, wired earphones, and wireless headphones and 

earphones), and through b) SPL analysis of the soundscape recordings. 

Figure 6.15 - schematics of AMW unit Amplitude filter of white noise and the RMS of the 

AMW unit Amplitude Filter related to the 7 environmental sound recordings: 

#1 Beach, #2 Woodlands, #3 Quiet Street, #4 Pedestrian Zone, #5 Park, #6 

Shopping Mall, and #7 Busy Street. 

 
Chapter 7 
 

Figure 7.1 - Geometrics and physics concept-flow from the acoustic metacage window, to 

the AMW unit and finally AMW as per its full-scale application (cross-sections). 

Figure 7.2 - a) 3D representation of boundary conditions and parameters used in both 

acoustics (AC) and airflow (AF) studies. b) 2D AMW section to show the 

variation of the H parameter. 

Figure 7.3 - Schematics comparison of B and C Configurations TL characterised by H=0.1 m 

and T=0.13 m (A), T=0.11 m (B), T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), 



Gioia Fusaro - PhD Thesis 
 

18 
 

T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 

reference for the overall TL performance. 

Figure 7.4 - Schematics comparison of B and C Configurations TL characterised by H=0.075 

m and T=0.13 m (A), T=0.11 m (B), T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), 

T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 

reference for the overall TL performance. 

Figure 7.5 - Schematics comparison of B and C Configurations TL characterised by H=0.06 

m and T=0.13 m (A), T=0.11 m (B), T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), 

T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 

reference for the overall TL performance. 

Figure 7.6 - Schematics comparison of B and C Configurations TL characterised by H=0.05 

m and T=0.13 m (A), T=0.11 m (B), T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), 

T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 

reference for the overall TL performance. 

   
Table 7.1 - a) ∆TL mean of the total value of the acoustic parametric study according to 

different AMW T or OR; b) ∆TL mean by different frequency bands: low= 50-
500 Hz, middle= 500-2000 Hz, high= 2000-5000 Hz; c) ∆ACRM between 
standardised value for offices expressed in additional opening window time 
(min). 

   
 

Symbols  
 

A - Cross-sectional area 
c - Speed of sound 
dB - Decibel 
∆𝑝 - Pressure drop 
𝜖 - Dielectric constant 
E - Young’s modulus 
F - Force 
FS - Fluctuation Strength 
Hz  Hertz 
k - Bulk modulus 
𝜇 - Magnetic permeability 
m - Magnification 
meff - Effective mass 

n - Poisson’s ratio 

N - Loudness 
P - Pressure 
Pa - Pascal 



Gioia Fusaro - PhD Thesis 
 

19 
 

q - Ventilation rate 
𝜌 - Density 
𝜌̅ - Dynamic mass density 
R - Roughness, or reflection coefficient 
S - Sharpness 
T  Temperature 
t - Time 
v - Velocity 
V - Volume 
Z - Impedance 

 
Abbreviations  

 

ACPH - Air Change Per Hour 
ACR - Air Change Rate 
AMM - Acoustic metamaterials 
AMS - Acoustic metasurface 
AMW - Acoustic metawindow 
BSUs - Basic Structural Units 
BEM - Boundary Element Method 
CAD - Computer-Aided Design 
CFD - Computational Fluid Dynamics 
CV - Coefficient of variation 
DMR - Decorated Membrane Resonator 
DEs - Dielectric Elastomers 
DNS - Direct Numerical Simulation 
n-DOF - Number of Degrees Of Freedom 
FDM - Finite-Difference Method 
FEA - Finite Element Analysis 
FEM - Finite Element Method 
GT - Grounded Theory 
HIE - Helmholtz integral equation 
HR - Helmholtz Resonator 
ICC - Intra-class Correlation Coefficient 
IL - Insertion Loss 
LES - Large Eddy Simulations 
LHM - Left-handed Material=NIM 
MEMS - Micro-Electro-Mechanical-System 
MV - Mechanical Ventilation 
NIM - Negative Index Material=LHM 
NFR - Non Functional Requirements 
ODE - Ordinary Differential Equation 
OR - Opening Ratio 
PC - Printed Circuit 
PCB - Printed Circuit Board 
PDE - Partial Differential Equation 
PML - Perfectly Matched Layer 
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PLA - Polylactic Acid 
RANS - Reynolds-Averaged Navier-Stokes 
RSM - Reynolds Stress Model 
RMS - Root Mean Square 
RW - Weighted sound reduction index  
SA - Spalart Allmaras 
SPL - Sound Pressure Level 
SRI - Sound Reduction Index 
STC - Sound Transmission Class 
TL - Transmission Loss 
ZIM - Zero Index Material 

 

 

 

Equations 
 

𝑣𝑠𝑜𝑢𝑛𝑑 =  √
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1. Introduction 

 

1.1 Background 

Outdoor noise façade insulation, provisions for ventilation, and overheating mitigation have been 

commonly considered disconnected in building design developments. Strategies to control these 

different systems have been developed with entirely separated approaches involving building features 

[2]. Conventional windows, for example, allow visual connection with the outdoors, natural 

ventilation, and the partial acoustics isolation when closed; however, the way these mechanisms 

work, forces the users to choose one function and to exclude the other and, of course, neither choice 

is conducive to indoor comfort [3–5]. So far, researchers have used several methodologies to 

overcome both problems by using, for example, mechanical ventilation [6], active or passive noise 

control systems [7–15].  These last ones consume less energy and can be built through several features 

within the window, such as perforated or microperforated (MPP) panels [8,16–18], porous materials 

[19–22], or acoustic metamaterials (AMMs) [23–28].  

AMMs, in particular, are artificially engineered composite structures with unique acoustic properties 

derived from the use of modern engineering and physics, which are unlikely to be found in natural 

materials. Their range of applications includes sound absorption [26], noise attenuation [29], acoustic 

wave manipulation [30], as well as asymmetric acoustic wave propagation[31], acoustic energy 

harvesting [32], acoustic holography [33] and topological acoustics [34]. Among these, applications to 

combine noise control with air transmission have received considerable attention from acousticians. 

Recently methods such as resonant based acoustic meta-absorbers have been developed [16,35], 

evolving into subwavelength coiled channels metamaterials [36,37] and a combination of labyrinthine 

AMMs with porous materials such as foam and cotton[25]. However, due to their bulky and visually 

invasive geometrical nature, complex geometries, or relatively narrow bandwidth, they sometimes 

limit architectural choices, such that the design of thin and visually pleasant metastructures 

embedded in window systems remains a challenge. Moreover, as a product destined to be used by 

common people in their everyday lives, AMMs-based ventilation systems should also be evaluated 

from an ergonomic and human perception point of view.  
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1.2 Motivations 

External inputs, indoor comfort needs, and ergonomics have become a fundamental part of the design 

innovation process [38–42]; however, published works on the built environment and its features are 

still limited [43]. Only a few of these studies have indeed considered using social sciences methods to 

investigate such fields [44] involving, for example, focus group methods. Although many methods 

have been developed to test the physical or psychophysical effectiveness of window design 

investigation [2,9,45–49], there is still a need to understand the interactions between people and 

windows better to optimise building systems performance and human well-being through 

architectural and engineering design. 

Regarding the development of window design to improve the built environment, there are no 

indications derived from participatory ergonomics or the overall existent physical and psychophysical 

approaches. It is not clear how people relate actively and passively to windows, how they perceive 

them as a means of communication between outdoor and indoor environments, and how they think 

they could be improved to make a better indoor environment. The previously cited window’s design 

studies aimed and contributed to creating an ergonomic working or living environment; however, they 

do not fully capture the social meaning that those environmental qualities have for the users. This 

disconnection has led to a window design that does not consider how people possibly relate different 

window shapes or materials with indoor and outdoor environment function and with the degree of 

privacy. So it is necessary to fill this gap to improve the manageability of this fundamental tool from 

users’ perspective by including more in Ergonomics Social Sciences based methods, especially using 

participatory techniques such as Focus Group.  

Finally, in order to allow a window design that is not dependent on fixed parameters (such as specific 

sound-absorbent materials thickness) and can be adapted to any public and private environment 

according to the designer will rather than the building constraint, new material must be developed. 

This material must also allow natural ventilation independently from the outdoor environmental noise 

and must be customisable according to different building indoor functions. For this reason, AMMs 

should be used due to their unique, customisable acoustic performance, which can be tuned in order 

to satisfy noise reduction requirements while keeping the shape or thickness of the window 

independent from it. 
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1.3 Aims and Objectives 

This work aims to develop a new window system for natural ventilation and incoming noise reduction 

through AMMs. In order to achieve this, the following objectives must be met. 

Investigating which are the ergonomic characteristics that would add value to the window design 

As will be demonstrated later, people relate to the window system through three specific 

principles, which also describe the ergonomic value of the window from the users’ perspective. 

Individuating the most suitable available AMMs techniques for allowing noise control and air 

propagation and, if necessary, developing an original prototype to be adapted to a real window 

design and its ergonomic characteristics  

 

A specific AMM technique must be chosen following those characteristics highlighted in the 

previous objective. This technique must follow the requirements for the window’s ergonomic 

value from the users’ perspective. Moreover, a careful adaptation to a standard window 

design must be assessed in order not only to make the new prototype useful from the physical 

and ergonomic point of view but also to serve engineers and architects in their building’s 

design. 

Assessing the acoustic impact of the AMM based window through the human perception 

experimentally.  

The use of human perception is used again to close the circle of the PhD project and verify 

if, from the users’ perspective, the adapted AMM based window system serves the purposes 

from the acoustic point of view (the ventilation one is guaranteed from analytical and 

numerical analysis). 

 

1.4 Methodology 

The methodology used to pursue the abovementioned objectives and answer the research question 

is mixed and uses both methods from Social Sciences, Natural Sciences, and Industrial Prototypisation 

(see Figure 1.1.1). Specifically, the Participatory Ergonomic Focus Group was used in Chapter 3 

Participatory approach to draw ergonomic criteria for window design. Analytical and numerical 

methods were used, on the other hand, for the physical investigation, including acoustic and 
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ventilation research questions (see Chapter 4 AMM for natural ventilation window and 7 

Development of a full-scale ). Further Psychoacoustic and Experimental analysis methods were 

required afterwards in Chapter 5 AMM adaptation to real window design. To finally understand the 

impact of the prototype of the final acoustic metamaterial based window (acoustic metawindow = 

AMW), the human perception experimental method was designed, as explained in Chapter 6 AMW 

unit effect on the human perception. Details of each Method and Subject will be discussed more 

specifically in each of the Following Chapters. 

 

Figure 1.1.1 Schematic representing the research methods and fields involved in the presented PhD thesis. 

At the end of this project, a full-scale acoustic metawindow (AMW) for broadband noise control (50 

to 5000 Hz) and natural ventilation is presented, and its performances are examined numerically and 

supported by a previous experiment on an AMW unit following the same AMMs principle. As the 

complexity of designing a new window model with such characteristics is evident, methods from fields 

such as Natural Science, Industrial Prototypisation, and Social Science have been used (see Figure 

1.1.1). By considering a window as an ergonomic feature of the building, Engineers or Architects might 
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think first about the technical or physical characteristics; however, it is not possible to ignore human 

perception and interaction meanings of such an external envelope system.  

 

 

1.5 Thesis Outline 

This thesis comprises eight Chapters, including this introduction, and each of them contributes to 

each research question (that will be described and justified in details in Section 2.7 Literature 

Review Highlights and Research Questions). 

 

Figure 1.1.2 Diagram representing the Thesis outline with each chapter related to each research question 

 
Chapter 2 Literature Review introduces the theory behind the primary methodologies and subjects 
used in this project. An in-depth review of the previously published literature concerning the 
investigations carried out here shows their importance within the project and proves the relevance 
of the Research Question. The Literature Review includes 2.1 Windows system design, 2.2 Acoustic 
Metamaterials, 2.3 Numerical computational methods,  
2.4 Experimental assessment methods for acoustic properties of materials, 2.5 The Human Factors in 

the built environment, 2.6 Focus Group - Theory. 

 
Chapter 3 Participatory approach to draw ergonomic criteria for window design investigates a new 

kind of participatory window design methodology involving social science techniques. The main aim 

is to understand the principles that define the value attribution of ergonomic window design from the 

users' perspective and draw a new methodology for window design, which considers users' preferred 
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aspects and combines them with specific window's technologies. Focus group technique and 

Grounded Theory are used. 

Chapter 4 AMM for natural ventilation window  shows the numerical and analytical investigation of 

a variety of acoustic metamaterials (AMMs), acoustic metasurfaces (AMS), and deployability 

mechanism (to allow a comprehensive ventilation study too with open and closed configurations at 

different degrees). Section 4 includes 4.1 Acoustic Metamaterials Broad Investigation, 4.2 Origami 

Metacage deployability, 4.3 Development of metacage for noise control and natural ventilation in a 

window system. 

Chapter 5 AMM adaptation to real window design investigates for the first time the adaptability of 

previously effective AMMs-based systems into a metawindow unit system. The relative acoustic and 

ventilation performance are examined numerically and (for the acoustic part) experimentally. The 

numerical and experimental results show a significant IL within a frequency range of 300 to 5000 Hz 

with an effective inter-method agreement. So, the Acoustic optimisation is numerically investigated 

by perforating the AMM unit component and extending the resonant volume. The ventilation 

performance will also be assessed, proving that most of the AMW configurations are suitable for 

natural ventilation and that the ventilation capacity can be tuned according to different ranges by 

adjusting the window’s ventilation opening.  

Chapter 6 AMW unit effect on the human perception investigates the effectiveness of the AMW unit 

through human perception based laboratory and online questionnaires. Seven environmental sounds 

recordings are modified through the basic model AMW unit effect. Participants evaluate both original 

and altered recordings (in a laboratory-based and online-based experiment), allowing the author to 

draw a correspondence between the impact of the AMW unit and human perception.  

Chapter 7 Development of a full-scale AMW attempts at exploring the applicability of the previously 

tested AMM system for noise reduction and natural ventilation in a full-scale window. A total of 120 

parametric analyses are carried out to assess the effectiveness concerning two design parameters: 

frame’s thickness and height (T and H) for both a basic AMW full-scale model and broadband 

optimised one. Moreover, Natural ventilation is investigated numerically for both basic and 

acoustically optimised models.  
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2. Literature Review 

The research explained in this dissertation involves a series of different subjects and methodologies, 

which will be reviewed in this chapter. Initially, the window development through history and 

technology will be explained in detail, including the physical properties of window structure, such as 

sound or air insulation. Secondly, a series of acoustic metamaterials that were taken into account for 

the development of this overall research will be presented with the most updated literature review. 

Thirdly, Numerical Analysis methodology will be extensively explained, including different techniques 

(FEM, FDM, and BEM) and the theories behind them considering acoustics and fluid dynamics, 

followed by an Experimental Analysis literature review focusing on the set-up of the anechoic 

chamber for conducting measurements of acoustic parameters. Finally, the subject of the human 

perception involved in Industrial Design in terms of Ergonomics and the methodology that connects 

it with the Social Science, the Focus Group, are going to be reviewed to give the reader a clear context 

of where our study is located.  

 

Figure 2.1 PhD project structure concept including the three subjects (window, ergonomics, and metamaterials) and the 
three methodologies (focus group, numerical analysis, experimental analysis). 
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2.1 Windows system design 

2.1.1      History of windows design from Roman Empire until 

contemporary technology 

When we think about windows, we think they have always been an undeniable part of buildings, both 

if they were more historical charm or modern and hi-tech. A window system tells us a lot about the 

building it is built on, such as its style and structure technologies, and makes us appreciate the progress 

accomplished by the techniques in the last centuries. Nevertheless, of course, this component has a 

more prehistorical origin. Let us think, for example, at the first dwellings as the caverns, where the 

same opening carried out the functions of door and window. Even later, the same lonely opening 

characterised the houses of nomads. This kind of population used to move to feed the livestock and 

usually used to live in tents built with tree branches and animal leather. Nevertheless, the only opening 

was still an important element of the first sedentary huts, made of reeds, straw and leaves.  

This opening system was in use also in the first centuries of the Roman Empire. However, small sheets 

of coarse glass were used to close the openings with the glass industry development: they were 

generally not transparent and thick around one centimetre. It is possible to find evidence of this 

technique in the ruins of Pompeii, where the noble house of the patricians (the roman richest class of 

that age) used to have a bronze frame and inside this little and thick glass sheets. In Rome, the use of 

the glass became increasingly diffused, such that Cicero [50] wrote, “Tam pauper potest considerari 

debent Qui non habet domum operuit cum speculum laminis” which means “Really poor has to 

consider himself, the one who does not own a house covered by glass plates”. Once the Roman Empire 

ended, the glass artisans disappeared with it, and only after the 500 – 600 d.C. this type of window 

reappeared after discovering a new technique to produce glass. This was called flat glass, and it was 

produced by flowing a glass sphere and rotating it inside the hoven.  

In the Mediaeval age, characterised by unrests and uncertainty, the main aim for building dwellings 

was defence and not comfort, so the openings did not always have glass to close them. Those in the 

castles' perimeter, especially, were small and had a flattened and long shape. This was used to see 

and check the outdoors, and, at the same time, did not allow strangers or enemies to get inside the 

building. More generally, in the mediaeval age, the number and the dimensions of the openings were 

enough to guarantee the air exchange.  

In the Gothic period, a new construction method, especially related to religious buildings, allowed to 

concentrate the structure weights in much thinner elements than those previous: the façade was 

emptied and allowed wide and very high glazed openings. They were generally split into multiple 
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frames (polifore) and decorated by particulars due to the stone-cutting technique development. The 

massive glass walls infill the thin stone frames, so the light became an element of space definition. 

During this period, glass technology developed together with the lead one. The lead was used to join 

the glass sheets to create an airtight and statically resistant system. In civil buildings, the moving glass 

windows, built on non-moving steel frames, brought to a size reduction and simplification of the 

openings. The glass sheets were contained in lead extrusions, and wood louvres still made the shading 

system.  

In the Renaissance, the innovation brought the dismantling of the ancient feudal structures. The 

windows became a crucial representative spot of the rich dwellings. More complex shapes started to 

be used in this historical period for the openings (for instance, the serliana, a triple opening window 

with a bigger central arch). Later, with the Mannerisms, windows systems became heavier, almost 

always rectangular, with protruding architrave built as a frame with decorations. Extremely common 

was the aedicule window, inspired by the Pantheon model, on which the classical architectural orders 

were applied.  During the Baroque, the new architecture appeared more independent from the 

classical design schemes followed in the building production until that moment. Against the 

Renaissance academic criteria, based on the proportions and ancient rules, a dynamic design took a 

position, where each element of the building was connected to the others by the same rich 

decorations, spirals and other themes from the natural world. In this period, the window got together 

with the other elements within the façade to give the vertical rhythm (no more highlighted by the 

architectural orders). So the window itself was the most important element of the façade composition 

in the most different shapes: rectangular, squared, round or segmental arch-shaped, and tympanum 

shaped. The frontons were enriched through decorations, got curved and got the typical spiral shape 

of Baroque architecture. The articulation and the dynamism were emphasized in Rococo. The iron 

components were still in wrought iron, and decorations and fretworks enriched it. The first typology 

of wood hardware windows was with a single door, but soon also the double door and the double split 

in the middle door were developed.  
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Figure 2.2 Schematic of a double-hung window which became famous as ‘British window’[51].  

In the 17th century in Italy, the dripstone and small intermediate frames were used to link the small 

glass sheets in the window panel instead of the strings of lead used previously. The frames had 

articulate and complex shapes with a good grip but were still limited by the water leakage and 

humidity resistance. One century later, the first wood windows systems started to get used even out 

of Italy, using wood such as durmast, teak, plane tree, and maple. In England, the double-hung window 

became the most common typology (Figure 2.2)[51]. This was characterised by two main parts that 

slid one over the other to open the window and some smaller intermediate frames for which they 

became famous as ‘British window’. In the eighteenth century, with the Industrial Revolution, the iron 

in the construction industry became more popular for major engineering works such as bridges, 

railways, viaducts, channels, industrial buildings, ships, and major works as the constructions where 

to host international exhibitions. The buildings realised in iron and glass became common. The 

windows got significant dimensions, thanks to the thinness of the structures and the technology 

development, which enabled the use of glass sheets to increase dimensions, solve the problem of 
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intermediate frames, and amplify the design potentiality. Iron was mostly used as a construction 

material for the non-residential building, and the windows and doors were less important in the 

housing (basements or stairs), but wood was still the most used material for the residential building.  

Around 1920 the façades lost all the decorations, and windows became essential. There was a general 

refusal of the previous century iconic architecture, and the new architects wanted to be overall 

technicians more than artists. They designed new typologies of windows, mostly with non-moving 

frames and with the only aim of lighting. Frequent were the massive glass walls and the so-called 

ribbon windows, which reflected the idea of more freedom in the composition, possible thanks to the 

advent of air conditioning systems. Thanks to modern technologies, another important innovation for 

the window functionality was the fixed shading system as brise soleil (literally in French sun breaker) 

with horizontal or vertical louvres of different materials (overall wood and concrete), an iconic 

element of this period architecture production. Regardless, until the advent of the new industrial 

technology and the new materials of the Fifties, there was no chance for the modern architects to 

break the classical rules for windows design, and so in a different way compared to the previous 

centuries. However, with the introduction of structural beams and pillars, realized through reinforced 

concrete, the external walls were not structural anymore, and the windows' height could be either 

the whole light between one pillar and the other. The industrialization of glass production and the 

active air conditioning allowed an open design of the transparent surfaces until the window became 

a wall, set to build a continuous façade. This façade system needed a frame of modular pillars and 

beams on which it was possible to apply transparent or opaque panels, generating a tangle that 

became an essential part of the façade composition. Due to air conditioning reasons, the glass 

technology developed an innovative system to make the external walls reflective, avoiding heat 

absorption. The window's main aim was not anymore the air flowing or lighting (the artificial air 

ventilation was preferred because it was more easily manageable). The glass was mostly requested 

for its versatility, its resistance to atmospheric agents, and its appearance in the architectonical 

composition. 

In the contemporary age, buildings have windows of any possible dimension and typology. There is an 

extremely different idea of this element from the past, not just from the conceptual perspective but 

also from the architectural one. Architects and engineers have tried to improve windows systems both 

on the functional and appearance sides during the last decades to get better performances and get 

more benefits indoors. Indeed, the window has a key role in everyday life in this historical period, both 

inside and outside a building. A window is not anymore a mere element that divides spatially the 

indoor from the outdoor, but it aims to satisfy precise needs that help enhance indoor comfort. The 
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next section will analyse the existing window design technologies in acoustic, thermal, and ventilation 

comfort. 

 

2.1.2     Windows design technologies 

 

 

Figure 2.3 A rare Yakutian window from the Far East of Russia, made from birch bark from the Brooking National Collection 
(Image from Elements of R. Koolhas)[1] 

Window systems have been improved much in technologies during the twentieth century. As a general 

knowledge, the window can be idealised as something that delimitates the space, but at the same 

time is space-less.  Since its original use, this habitation's fundamental component allows seeing what 

happens outdoors while being repaired from the outdoor itself. It is useful to protect the indoor space 

from sensible environmental and climate changes due to multiple factors. Specifically, due to the hard 

climate conditions, in 1910, there was a first attempt to advance the window technology by Yakutians 

in Balagian dwellings (Figure 2.3) [1]. This population of North Oriental Russia used to apply on the 

openings of their house, a carved birch bark window.  

“The bark is softened by cooking in cow’s milk, carved into shape by male 

members of the family, and sewn together with tendons from a horse or cow. 

Two windows, each of around 30cm square, are oriented to the south and 

one to the west.” [1] 
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In this fragment of his work for the XIV Architectural Biennale of Venice on the fundamental 

architectural elements, Koolhaas brings us back to the art of adaptation of the human being expressed 

through windows. This first technology, affordable only by a few rich families, involved the use of oil 

paper, fish membranes, mica, and in rare cases, small glass shards to fill the birch bark window. 

However, of course, this system was suitable just in the warmer season. Due to this, the precious 

windows were removed from the punctured hole in the wall in the winter season to be replaced by a 

thick sheet of ice in a wooden frame [1]. One of the last examples of Yakutians windows is preserved 

in The Brooking National Collection. Thanks to Architectural museums like this one, it is possible to 

study many windows' variations, representing the understated evolution of this important 

architectural element inserted in the façade and the room through many specific components. To 

study a new window prototype, it is of primary importance to look at the past heritage.  

In this heritage, we find that the attempts to make the window a functional element for the light and 

an indoor space's thermal conditions were not that many and significant until the twentieth century. 

Indeed, before Yakutians window, this element was seen more as part of the architectural beauty of 

the whole building, and due to this, the study of the design concerned more the visual details. 

Nevertheless, improving the building technique always brought, in every age, a new careful 

consideration of the window components. 

A window system is generally composed of non-moving elements, which guarantee the windows' 

standing on the wall, and moving elements, which enable the window to open, allowing significant 

natural air ventilation. The non-moving part is called “frame”, and it is composed of a head, two lateral 

jambs, and a sill. In a double-hung window, the hardware and the interior part present a balance, 

connected to the moving frame through a sash, a check rail, a lower and upper rail, a lift and a sash 

lock. In another standard occidental window typology, the casement window, the mechanisms which 

allow the two different parts to move are called operator and lock handle. In the twentieth century, 

many of these nuanced local components have been internalized in the window’s structures by 

technological advances of window profiles and glass production, until becoming almost invisible. In 

this process, the glass took over completely until culminating in the curtain wall's invention. This is an 

outer covering system where outer walls are non-structural and can be substituted by lightweight 

materials like glass. In the next paragraphs, sound and air insulation modern and contemporary 

techniques will be explained. 
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2.1.3 Sound insulation 

Acoustic insulation is fundamental in the outer building’s shell. Two main methods to measure the 

potential sound insulation of a structure are the Sound Transmission Class (STC) [52], and the Sound 

Reduction Index (SRI) [53]. The first one is widely used in the US, while the second one is the reference 

outside the US, and basically, they only differ by the frequency range. For example, STC covers the 

range 125 Hz to 4000 Hz, while RW covers 100 Hz to 3150 Hz (both cover 16 one-third octave bands). 

Therefore, STC equals the 500 Hz band of the reference curve with 0 dB, While RW sets the 500 Hz 

reference value to 52 dB, equalling a standard separation between houses. However, the calculation 

methods show that this level does not matter. Instead, the shape of the reference curve (relative 

weighing) is important, which is comparable for both standards. 

For example, in the field of building engineering, a well-built staggered-stud or double-stud wall might 

have a sound transmission class (STC) of 50 dB and provide sufficient isolation, as would a concrete-

block wall. Moreover, it is important to reduce as much as possible the weak links with insufficient 

sound transmission loss (TL) that would seriously compromise the acoustical isolation of the wall. At 

the same time, we cannot exclude components as windows or doors from the building composition; 

otherwise, the functionality of the building itself will be null. Due to this principle, in an ideal situation 

where a window is placed in a wall facing an outdoor environment with loud sound levels, the sound 

transmission loss (TL) of the window should be equivalent to the one of the walls itself. To approach 

the performance described previously with a window requires very careful design and installation. 

According to Everest and Pohlmann, we can find a typical single pane 1/8-in (3.17 mm) glass with STC 

of 25 dB, prefabricated double-pane sound-insulating windows available commercially with an STC 

rating of 50 dB or more [52]. However, if a double-pane window is designed for thermal insulation, it 

may have an STC value less than a single-pane window. Most of the currently used materials for 

thermal insulation (such as polystyrene) are indeed closed-cell materials. Due to their physical 

configuration, the sound cannot penetrate them and lose energy through their vibration as it would 

do in an open-cell porous material. Thus, the sound propagates better, which is why thermal and 

soundproofing treatments are frequently in contrast. 
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Figure 2.4 Wall construction with double-pane window from the Master Handbook of Acoustics [52] 

An applied real solution of a double window on a concrete-block wall is shown in the plan of Figure 

2.4A,B, indeed, shows a solution applied to a staggered-stud partition[52]ee. Generally, a sound-

isolating double window is indicated in most critical applications, while to add a little to the TL, a triple 

window can be used instead. The mounting must minimize coupling from one wall to the other as it 

affects air and sound leaking. 

Despite what Everest and Pohlmann assert, heavier plate glass is sometimes better used, but they will 

exhibit a coincidence-frequency dip nevertheless. Other systems to get a slight advantage consist of 

using two panes of different thicknesses or the two glass with different inclinations. This allows light 

or external sound reflections, but the window’s TL will be affected only slightly by it. Moreover, it is 

important to properly design the spacing between the glass panels since even less than 3 cm con 

produce lower STC than a single-pane window. On the other hand, the bigger is the space, the greater 

is the TL; according to Everest and Pohlmann [52], there is no significant gain going beyond 10 to 20 

cm. At the latter, it is common use, to isolate the glass from the frame through rubber or other elastic 

strips and to use an absorbent material between the pane edges around the whole periphery of the 

window cavity (as shown in Figure 2.2: Wall construction with double-pane window from Master 

Handbook of Acoustics 2) [52]. This, combined with a contained window area, discourages the 

airspace's resonances and makes sound insulation almost that of an STC 50 dB wall. 

Apart from the noise insulation through materials mass properties, another way to control outdoor 

acoustic wave propagation towards indoor space is through active noise cancellation. This method 

consists of an electro-acoustic generation of a sound field (through a loudspeaker) for cancelling 
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negative existing sound fields. In these terms, the cancellation actively diminishes the unwanted noise 

[46]. These systems are made of a microphone to sample the disturbing acoustic wave, an electronic 

control system that analyses the input and generates a control signal; consequently, a loudspeaker 

produces the cancelling acoustic wave driven by the control signal. Finally, a second microphone, 

defined error microphone, is used to check the cancelling system's effectiveness and give additional 

inputs to improving it if needed, reducing as much as possible the resulting field. To the most known 

as a transducer, this structure is called adaptive for its dynamic nature to adapt to the variable 

conditions, is the most popular, and can be implemented by several microphones and loudspeakers 

[54]. The system becomes more accurate when increasing the number of these channels, but at the 

same time, the number of interactions microphones-loudspeaker grows, making the associated 

electronic system more complex. Overall this new technique brought an important novelty in sound 

field control since it offers a lower-cost solution to the problem of low-frequency noise alternatives to 

passive noise control [55] which, due to the long wavelength nature of such impulse, generally tends 

to be realised by large mufflers and massive noise control enclosures, ore visually impacting systems 

combined with extensive structural damping solutions. Innovative active noise cancellation solutions 

are currently made of multiple transducers systems applicable to building surfaces, barriers, and 

openings [15]. This, in turn, solves the problem of the multiple interactions complexity and enables 

some cases to achieve natural air ventilation with a consistent diminution of the unwanted noise. The 

only limitation arguable so far could be the non-optimal design configuration since a grid of 

transducers could negatively impact the outside's visual perception and impact the architecture of the 

building itself. Moreover, even though further research could achieve less visually impacting systems, 

the constant need for energy power would make this solution less sustainable. This is why other 

passive technologies need to be studied to develop a window design system that would allow the 

natural air to flow and stop the acoustic wave propagation simultaneously from the outside to the 

inside of a building. 

 

2.1.4      Air insulation 

The ventilation concept that was used to design a window in a certain building typology changed from 

the simple thermal study to the more complex solution to guarantee the occupants constantly have 

clean and fresh air without being affected by the external condition. During the last decades, the focus 

has been placed on the whole building’s sustainability. This has pushed the researchers to prefer 

natural ventilation and enhance the passive performance of a building. This could be achieved by 

several measures, for example, using ventilation elements with porous materials as a filter in a window 
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system with a typical weighted sound reduction index RW of the whole system of about 30 dB [56]. 

Another one was attenuating the noise entering buildings through ventilation openings using acoustic 

quarter-wave resonators [57], with 6-7 dB achieved over a relatively wide frequency range. However, 

in all the passive control examples, the elements used for sound and ventilation management are 

generally made of non-transparent materials. This affects the transparent area's ratio in the window 

system, sometimes can generate a health hazard due to the microscopic fibres contaminating the air, 

and can also increase the airflow resistance in the ventilator system consuming more energy and 

achieve only minimum air exchange. 

The above limitations motivated the new development where less invasive design techniques were 

developed in the following years. For example, Kang et al. studied how to integrate a micro-perforated 

absorber in the air space between the double glazing windows [8]. This ensures the acoustic quality 

and, at the same time, keeps the ventilation and daylighting efficient [8]. In addition, Huang et al. 

studied and tested low-frequency noise attenuation through active noise control in ventilation 

windows [46].  

Through all their experiments, these researchers demonstrated that the acoustic and ventilation 

responses to the window parameters' selections were significantly sensible, so they needed more 

implemented predicting models. Yu et al. proposed a numerical model that allows predicting the 

sound attenuation performance between an inlet and an outlet acoustic domain connected by a 

specific bent ventilation duct [58], and they also proposed a simulation model due to predict sound 

insulation performance of window ventilation in buildings, estimating the SRI in the mid-to-high 

frequency range and providing guidelines for engineering designs [59].  

Everest and Pohlmann stressed that air leaking must be prevented in a building. This idea refers to the 

classical concept of opening windows or fixed windows complementing an air-conditioning system. 

This standard idea is, in turn, reflected in the separation of acoustic and ventilation functions related 

to window design, forcing the users to choose one function over the other. However, during the last 

two decades, new technologies have been developed in the field of materials, so sound and air 

ventilation management could be exploited at the same time without requiring energy power. These 

technologies are called acoustic metamaterials.  

 

2.2 Acoustic Metamaterials 

Nowadays, the main problem regarding building materials is how to achieve efficient cooperation 

between material properties and structure, i.e. allowing some specific characteristics (such as thermal 
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and acoustic) while fitting into structure’s configurations. The general approach before 1999 was to 

build a multi-layered material to accomplish all the acoustic and thermal tasks. This used to be an 

effective solution to address the physical transmission problems from the outside to the inside of a 

building but did not always satisfy architects in shapes and aesthetics since it generally required thick 

layers of materials [60]. In 1999 Pendry started the era of new composites, starting from optical lenses 

research, based on theory developed by Vaselago, known as negative index medium properties of 

particles [61]. David Smith and the company followed up by experimentally demonstrating that theory 

by the following year. Sir Pendry and colleagues indeed created the first metaparticles consisting of 

wires and split-metallic rings with a negative index of refraction and negative permittivity, and so 

negative permeability [62]. The first experimental demonstration of acoustic metamaterial (AMM) is 

attributed to Zhengyou Liu and colleagues [63]. In 2000 they found negative effective properties of a 

sonic crystal composed of elements with local resonance characterised by an interior space than the 

relevant acoustic wavelength. From this characteristic, the name of left-handed materials (LHMs) or 

negative-index materials (NIMs) was given to these composites. They were defined as “artificially 

constructed effective materials using periodic structures that are a fraction of the wavelength of the 

incident electromagnetic wave, resulting in effective electric and magnetic properties (permittivity 

and permeability) that are unavailable in natural materials.” [64]. These materials were initially very 

attractive, especially for designing effective systems with deterministic electromagnetic properties 

and so for their terahertz applications. This was especially because any material at its natural state 

can respond well to this frequency regime (terahertz metamaterials interact at terahertz frequencies, 

usually defined as 0.1 to 10 THz; radiating long after the infrared band end, just after the end of the 

microwave band). These materials were called ‘metamaterials’ ten years later by Walser [65], 

expressing the idea of a composite which can be engineered to have properties that go beyond (from 

the Greek μετά) the properties that can be found in nature. Their properties do not derive only from 

the particles that make the material but mostly from their structure. Specific geometry, shape, size, 

orientation and arrangement characterises them with electromagnetic waves manipulating properties 

(sound waves block, absorption, enhancement, or bending). If properly customised, metamaterials 

can affect sound or electromagnetic waves with several advantages over standard bulk materials [66]. 

In Acoustics, metamaterials demonstrated to direct and manipulate sound in sonic, infrasonic or 

ultrasonic waves in gases, liquids and solids [67]. Acoustic and electromagnetic waves act differently 

in fluids: the first is longitudinal scalar waves, while the second is transverse vector waves with two 

polarizations. However, their wave equations can set an analogy between the two, as a map of the 

two constitutive parameters can be done: 𝜌 → 𝜖 and  𝑘 → 𝜇−1 : 
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𝑣𝑠𝑜𝑢𝑛𝑑 =  √
𝐾

𝜌
       →       𝑣𝑙𝑖𝑔ℎ𝑡 =  √

1

𝜇 ∙ 𝜖
 

 
2.1 

 

Where 𝜌 and 𝑘 are the constitutive parameters respectively of density and bulk modulus, and 𝜖 and 

𝜇 are respectively dielectric constant and magnetic permeability. So, the two types of waves share 

most of the underlying physics, and this leads to the simultaneous development of 

electromagnetic/optical metamaterials and the related constituent techniques (such as negative 

refraction [67,68], superlens [69], and cloaking [70]) and AMMs. From Figure 2.5, it is clear that AMM 

can achieve an extensive range of mass density ρ and bulk modulus (stiffness) 𝑘. As explained by 

Habermann and Guild [71], on the upper-right quadrant (positive ρ and κ) are placed materials with 

conventional physical characteristics and devices made by cloaking metamaterial (e.g. ceramics, 

woods, metals, composites, polymers, and foams). The other quadrants and their boundaries are 

related only to metamaterials [26].  

As Figure 2.5 shows, with the decreasing of 𝜌 and 𝑘, we have Zero-index materials and slow-sound 

materials, respectively [26]. A near-zero-index metasurface (ZIM) is a medium with infinitely large 

phase velocity and wavelength. So, a wave in a ZIM is not affected by any phase change. Many 

applications such as directive emission [72], self-collimation [73], tailoring radiation phase pattern [74], 

and super-reflecting and cloaking [75] were possible thanks to this remarkable property. In addition, 

another function of ZIM is highly selective angular filtering [76] because it transmits only a wave with 

a near-zero incident angle (normal incidence), while it reflects all the other waves with different 

incidence angles. On the other side, according to Groby et al., slow sound materials are opaque 

mediums that exhibit enhanced transmission in narrow frequency ranges along with high dispersions 

that give rise to slow phase or group velocity waves whose frequency is centred on the narrow 

transmission band [77]. 

Some properties of superlenses and hyperlenses are illustrated in the lower-left quadrant of Figure 

2.5, both of which defeat the diffraction limit. These lenses can bend the acoustic rays through a 

negative index of refraction. Consequently, the propagating waves (red arrows) and the magnification 

of evanescent waves (blue curve) that pass through the lenses mitigate together the effects of 

diffraction. This feature can be used for examples for far-field super-resolution imaging or acoustic 

deep-subwavelength imaging as presented in the works of Lu and Liu [78] and Zhu et al. [79]. In these 

two examples, super-resolution information is projected by the magnification mechanism of the 

hyperlenses to the far-field, while metalenses super-resolve subwavelength details and enable optical 
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Fourier transforms. Two basic requirements are at the base of the hyperlens realisation for far-field 

super-resolution imaging. First, a specific material must support wave propagation with high wave-

vectors. Secondly, high wave-vector waves must be converted into one low wave-vector wave through 

a magnification mechanism. The main applications of such superlenses and hyperlenses are medical 

ultrasonography, underwater sonar and ultrasonic nondestructive evaluation. More details about 

superlenses and hyperlenses will be given in the further sections. 

  

Figure 2.5 Expanded range of mass density ρ and bulk modulus (stiffness) κ [71].  

So the control of sound waves is mostly accomplished through the bulk modulus 𝑘, mass density ρ, 

and chirality (from the Greek χειρ, which means hand, indicates that a system/molecule is 

distinguishable from its mirror image, so it cannot be superimposed onto it). 𝑘  and ρ are the 

equivalents in electromagnetic metamaterials as permittivity and permeability. The relation to the 

mechanics of sound wave propagation in a lattice structure and strong dependence on the material’s 

mass and intrinsic degrees of stiffness, coupled, generate a customisable resonant system. 

The acoustic wave’s speed manipulation is of particular interest for acoustical applications. Due to the 

wide range of acoustic metamaterials' effectiveness, they can generate several propagating waves 

(with extremely high, zero, or even negative speeds) and non propagating evanescent waves 

corresponding to the purely imaginary values. Negative phase speed, meaning a backwards-

propagating phase front, requires both negative effective mass density and bulk modulus. A material 

with such properties is called double negative or left-handed, while those characterised by positive 𝑘 

and negative ρ or vice versa are referred to as single-negative and cannot support propagating waves. 

This characteristic leads to an exponential decay of acoustic waves through those materials, which 

have superior sound dissipation characteristics, mostly based on the coupling of local resonances. 
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Figure 2.6 The notion of hidden degrees of freedom in AMMs with simple representative mechanical systems comprising 
masses and springs illustrated by Haberman and Guild [71].  

It is on these local resonances (often achieved through resonant elements, that the main difference 

between traditional acoustic materials and metamaterials is based. When coupled, these simple 

systems of dynamic microstructural elements generate a large net effect even though the single 

element has a much smaller dimension compared to the wavelength in the background medium. In 

this overall view, the arrangement of those dynamic microstructural elements represents what 

Haberman and Guild define as degrees of freedom [71]. Through mechanical systems (masses-springs) 

simplification, this concept is illustrated in Figure 2.6, which highlights how they can originate the 

expanded material configurations. As shown in Figure 2.6a, different masses-springs arrangements 

result in mass displacement by a distance x(t) if a time-dependent force F(t) is applied. Haberman and 

Guild [71] explain that “by rearranging Newton’s second law and Hooke’s law, one can obtain the 

effective mass and spring constant of the system: meff = F(t)/𝑥̈ (t) and keff = F(t)/x(t), where the double 

dots denote the second derivative with respect to time.” Hence, when the acoustic waves are 

governed by Newton’s law of motion, fluid continuity equation, and thermodynamic equation of state 

(for the adiabatic process), AMMs are useful for manipulating them. The equation describing an 

acoustic wave in a homogeneous medium absent of a source is: 

 

𝛻2𝑃 −
𝜌

𝑘

𝛿2𝑃

𝛿𝑡2
= 0 

 
2.2 
 

 

Where P is the pressure and the mass density 𝜌 and the bulk modulus k are the two constitutive 

parameters. The speed of sound c is given by√𝑘 /𝜌. If considered in the effective medium sense, the 
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two constitutive parameters in AMMs can take unusual values (for example, negative, zero, or close 

to divergent) and denote acoustic wave characteristics that do not belong to ordinary composites.  

According to what Haberman and Guild [71] report about the methodology to design such materials, 

their properties in acoustic waves can be derived by a transformation acoustics technique. First, a one-

to-one map connects a target space exhibiting acoustic behaviour of interest (for example, as it could 

happen in a café, by redirecting acoustic waves around an enclosed object to shield it from its 

propagation and create a quiet area) to a physical space with conventional materials and an ordinary 

acoustic field. Then, the map is used to determine the target space's material properties that produce 

the desired effect. 

A remarkable application of such materials can be found in building engineering. From the industrial 

revolution of the 19th Century, a new non-structural role of the building skin has been defined. Many 

applications are expressed through the projects of Walter Gropius, Mies van der Rohe and Le 

Corbusier, where new techniques, including new materials availability, led to a more energetically 

efficient system. More specific innovation fields, such as lighting, acoustics, and human-building 

interaction, have been investigated and improved in the contemporary era. Complex and adaptable 

architectural prototypes have been developed on a macroscale in the latest years to make the building 

screening system as adaptive as possible, especially in terms of motion response on external stimuli. 

The building's covering system is independent of the structural task allowing an innovative 

development of this part which respond to the external stimuli (e.g. solar radiation, heating, wind and 

so on) as a bioinspired function [80]. The building's screening mechanism is supposed to mimic the 

human body adaptation to external conditions. Further research aims to reach flexible materials [52] 

and a responsive skin [81] based on the free form suitability of the new Architecture and the new 

adaptive motion characteristics, leading to a new generation of organic and interactive buildings.  

These two methods can be considered quite useful at a large scale, but can they be taken into account 

also for a micro-scale? The new urge to include ‘smart’ materials within the building systems must 

consider wide dimension systems, especially focusing on the joints of the structures. The discontinuity 

creates indeed a transmission (thermal and acoustic) issue to be addressed. So, dynamic systems that 

could change the structural configuration (for example, from a 3D spatial to one that is flat) by 

adapting the physical response to the external environment could advance building design technology.  

The acoustic metamaterials categories that will be discussed in the next sections have been set 

according to the realization method. Indeed, even if so far the research in the field involved new 

systems such as sonic crystals [63,82,83], AMM with negative reflective mass [84], and double-

negative AMM [85], the way they are realised seems more relevant for this specific research. So they 
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are resonant systems such as 1) Helmholtz resonators and ducts or elastic membranes with attached 

mass (which means that when the system vibrates, it can damp some energy or change the 

transmission, absorption, reduction characteristics of the interbeat) or by 2) periodic lattices based on 

scattering and 3) metasurfaces and 4)origami metamaterials. 

 

2.2.1 Metamaterial resonators and membranes 

As explained in the introduction of Chapter 2.2 Acoustic Metamaterials, metamaterials were applied 

first for optical purposes and then, for propagating waves similarities, used to design acoustic 

absorbers and resonators. Before metamaterials, absorbers took advantage of stiffness and multi-

layered composition to efficiently absorb acoustic wave propagation. Such characteristics were 

inspired by the mass law, which rules the sound transmission across a solid wall or a single layer 

partition [52]. However, the thickness of the absorber device has always been a concerning problem 

when related to the architectural design or the structural issues [86], and this is why scientists have 

been trying to solve this problem through systems that naturally oscillate at some frequencies with 

greater amplitude than the normal acoustic absorbers, calling this devices resonators. The mechanical 

(or acoustic) oscillation produced in this system (indeed, we are not going to talk about the other 

resonator oscillation, the electromagnetic one) can be either used to produce sound waves of a range 

of specific frequencies or selectively specific frequencies from an acoustic signal. The most common 

examples of such systems are those used in musical instruments to produce sound waves at specific 

tones [87–89], or cavity resonators, in which waves are created in a hollow space inside the device 

[90,91]. In this kind of device, the sound is produced by the air's vibration in a cavity with one opening: 

they are called Helmholtz resonators.  

Helmholtz resonators are the most famous devices to achieve local resonances at lower sound 

frequencies. At the frequency of resonance, there is a pick of maximal absorption, decreasing at 

nearby frequencies [52]. Thus, the resonant frequency of a Helmholtz resonator with a square opening 

is given by: 

 

𝑓0 = (
𝑐

2𝜋
) √

𝑆

𝑉(𝑙 + 2∆𝑙)
  

 
2.3 

 

where c = speed of sound in air, 343 m/sec 

S = cross-sectional area of the resonator opening, m2 
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V = volume of the resonator, m3 

l = length of the resonator opening, m 

2Δl = resonator added neck length = 0.9a, where a is the edge length of the square opening 

For Helmholtz resonators with circular openings, the resonant frequency is given by [52]: 

 

𝑓0 = (
100𝑅

√𝑉(𝑙 + 1.6𝑅)
) 

 
2.4 

 

where R = radius of the circular opening, m 

V = volume of the resonator, m3 

l = length of the resonator opening, m 

So if we change the volume of the air cavity or the length or diameter of the neck, and the frequency 

of resonance changes. The width of this absorption band depends on the system friction. 

The part of the sound that turns out on a Helmholtz resonator without being absorbed is reradiated. 

As the sound goes out from the resonator opening, it tends to be radiated in a hemisphere, meaning 

that the unabsorbed energy is diffused. Sound diffusion is a characteristic that in places like studios or 

listening rooms is very desirable. 

Since very old ages, these devices were used as acoustic systems. Indeed, Helmholtz resonator's far 

predecessors have been found in the ancient Greek and Roman open-air theatres: large bronze jars 

used to absorb sound at lower frequencies, and groups of smaller jars to supply sound absorption at 

higher frequencies maybe. Other examples of the use of such acoustical artefact can be found in 

Swedish and Denmark Medieval churches, where the presence of pots like the one in Figure 2.7 

probably helped to reduce low-frequency modes, sometimes together with the addition of ashes in 

the inside, which should have decreased the quality factor (Q) of the ceramic pots so to broad the 

frequency of its effectiveness. Nowadays, these principles have been reused with, for example, 

concrete acoustical blocks configurations with an open slot facing the closed cavity: a two-cell unit 

would have two slots. Sometimes, as it used to happen for the predecessors, additional materials were 

inserted in each cavity, like a metal divider, or in the slot inside the cavity, like a porous absorber [92]. 

Figure 2.8 shows idealized square bottles with tubular necks forming a perforated face resonator, 

where the bottle stacking increases the resonance aspect of such a device. So it is worth notice as well 

as Everest and Pohlmann attest that “Consider a box of length L, width W, and depth H with a lid of 
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thickness equal to the length of necks of the bottles. In this lid, holes are drilled having the same 

diameter as the holes in the neck. The partitions between each segment can be removed without 

greatly affecting the Helmholtz action.” [52] 

 

 

Figure 2.7 Pots embedded in medieval churches' walls in Sweden and Denmark served as Helmholtz resonators, absorbing 
sound. Ashes, found in some of the pots, may have served as a dissipative agent. (Brüel) [52] 

 

Figure 2.8 Development of perforated-face Helmholtz resonator from a single rectangular bottle resonator. [52] 

 

There are several ways in which the Helmholtz resonators principle can be applied for architectural 

purposes, perforated panel absorbers, slat absorbers, and many others. However, the most evident 

thing they have in common is that they all use the holes built on their visible surface to simulate a 

Helmholtz resonator's neck. These systems generally perform at the maximum resonance when the 

sound impinges perpendicularly to the plane's face where the holes are situated since, in this way, all 

the tiny resonators are in phase. 
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The materials generally used for realising such devices are hardboard, plywood, aluminium, steel, or 

glass fiberboard (in the case of the slat absorbers), and the percentage of perforation (p) depends on 

the frequency of resonance (f0, Hz) and the equations which define it is [52]: 

 

𝑓0 = 200√
𝑝

(𝑑)(𝑡)
    [Hz] 

 
 

 

2.5 
 

𝑓0 = 216√
𝑝

(𝑑)(𝐷)
    [Hz] 

 
2.6 

 

where: f0 = frequency of resonance, Hz 

              p = perforation percentage (see Figure 2.9) 

                 = hole area divided by panel area × 100 (see Figure 2.9) 

              t = effective hole length, m, with correction factor applied 

                 = (panel thickness) + (0.8) (hole diameter), m 

              D = depth of airspace, m 

              d = depth of airspace or thickness of slat, m 

 

Figure 2.9  Formulas for calculating perforation percentage for perforated panel resonators, including slat absorbers. [52] 

It is necessary to place sound-absorbing materials in distributed patches instead of a continuous area 

[37] to establish a rule on how to apply these materials for effective absorption and diffusion (such a 

sub-structuring approach will also be reflected in the following numerical analysis part). Moreover, 

according to Everest and Pohlmann, a system of multiple absorbers units is desirable, and it should be 
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split in a 3D dimensional spatial mode: using some of each type on ends, sides, and ceiling of the room. 

In this way, all three axial modes (longitudinal, transverse, and vertical) will come under their influence.   

Moreover, besides the materials' placement, it is fundamental to remember that this kind of 

acoustically resonant device may perform with a relatively specific reverberation time. This may cause 

audio signal tuning changes, and so it should be controlled, from both electronic or acoustic systems, 

through the quality factor (Q, which describes the sharpness of tuning). Q is calculated from the 

expression f0 /∆ f, and it is very short for Q factors normally considered (see Figure 2.10 and Table 2.1 ). 

Generally, the higher is the resonance peak, the larger is the absorption bandwidth. For example, as 

reported by Everest and Pohlmann [52], from a measurement campaign on a series of Helmholtz 

resonators-based slats, the reverberation time is related to the Q factor (that ranges between 1-100) 

through the resonant absorbers (see Table 2.1 ). 

 

Figure 2.10 Determined tuning curve of a Helmholtz type resonant absorber [52] 

Table 2.1 Sound Decay in Resonant Absorbers [52] 
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As the original sound absorbers or resonators, the metamaterial versions can modulate the incoming 

acoustic signal to reradiate it with an effective reduction in SPL and improved hemispheric diffusion. 

The new challenge of metamaterial absorbers and resonators simultaneously reduces the structure's 

geometric dimensions and increases the low frequencies related to states' density by finding good 

conditions to match the impedance to the background medium. This is a complex problem, but, in 

turn, there could be several advantages in perfectly absorbing an incoming wave field in a 

sub/wavelength material for applications such as in wave physics as energy conversion [93], time-

reversal technology [94], coherent perfect absorbers [95], or soundproofing [96] among others. Some 

experimental attempts have shown that a metamaterial resonator can achieve absorption in the 

diffuse field of αdiff=0.93 calculated as αdiff=∫ 𝛼(𝜃) 2𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜃) 𝑑𝜃
𝜋

2
0

  [97] derived from Paris’s 

formula αs=∫ 𝛼(𝜃)𝑠𝑖𝑛(2𝜃)𝑑𝜃
𝜋

2
0

 where αs is the random incidence absorption coefficient, and 𝛼(𝜃) is 

the absorption coefficient in the free field, at an incident angle 𝜃  .[98] This shows the quasi-

omnidirectional behaviour of the absorption in this sub-wavelength structure, meaning that the 

absorptive capacity is perfect on a wide range of incident angles. The design is similar to the standard 

Helmholtz resonator (HR), even though the authors argue that the structure's thickness can be even 

reduced using coiled-up channels or embedding the neck into the cavity of the HRs.  

Finally, Ma and Sheng [83] support that acoustic absorption is important for both noise mitigation and 

interior acoustics optimisation. Hence, two elements are fundamental for effective absorption. First 

is dissipation, of which friction is the most straightforward strategy. Therefore, materials with high 

porosity are commonly used as sound-absorbing materials (sponges, mineral wools, fibreglass, and 

cotton) [99]. Secondly, impedance matching aims at developing the optimal combination between 

incident acoustic energy and absorber, which can be developed through gradient index. The examples 

mentioned previously show effective absorption performance for a medium-wide frequency spectrum; 

however, they become less effective at low frequencies due to practical and fundamental reasons. For 

example, for linear response systems, dissipation is quadratic in proportions, so absorption can be 

enhanced by using many materials according to their thickness which should typically be set by order 

of several wavelengths; however, in low-frequency sounds (where wavelength can exceed 1 m), this 

is generally an impractical scenario. 

Regarding their bulk modulus and the symmetry of the resonances, effective mass dispersion (in 

frequency) is generally associated with the displacement of the system’s centre of mass; however, a 

compression-extensional motion could be involved in the deformation, which would make possible 

the stationarity of the centre of mass. This occurs in Helmholtz resonators, where the effective bulk 

modulus becomes frequency-dependent differently from the effective mass density. 
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Applying this theory to the concept of the membrane resonators, we can observe significant results 

reached so far, enabling the determination of the dynamic mass density 𝜌̅  (defined when there are 

relative motions between the constituent components in a composite [84]). A special class of 

metamaterial that Ma and Sheng [84] chose to demonstrate the importance of the effectiveness of 

mass density and bulk modulus dispersions (and their underlying physics) are the decorated 

membrane resonators (DMRs). DMRs constitute a class of AMMs that can display both mass and bulk 

modulus frequency dispersions and specific frequency ranges’ double negativity.  Its effective 

frequency regime is included generally within the audible spectrum (50 to 2000 Hz); therefore, the 

thin and light membranes bring new application potentials. An example is shown in Figure 2.11a, 

where a flexible elastic membrane that is sub millimetres thick and several centimetres wide is fixed 

on a rigid frame. In order to provide a proper restoring force for the oscillations, a uniform prestress 

is applied. The membrane's centre is coupled with a rigid platelet. The platelet mass is customised 

according to the specific working resonant frequencies, representing a spring-mass oscillator (where 

the platelet is the mass and the membrane is the spring also with a small mass) [100]. 

 

Figure 2.11  Single membrane with negative effective mass density. (A) A schematic drawing of a typical DMR [101].  

In this context Ma and Sheng [84] highlight how 𝜌̅  can be determined simply as: 

 

𝜌̅  = −
1

𝜔2𝑑

〈𝑃〉

〈𝑊〉
 

 
2.7 

 

Where 〈P〉 and 〈𝑊̈〉=−𝜔2〈W〉 are, respectively, pressure difference on two sides of the membrane 

and acceleration averaged over the surface, and d is the mean thickness. Observing Figure 2.11b, it is 

possible to see how 𝜌̅ has different signs but becomes zero at the DMR’s eigenfrequencies. Near-zero 

𝜌̅  has also been utilized to achieve super coupling, to allow under normal incidence an almost-perfect 

transmission through small channels [102,103]. A negatively divergent 𝜌̅   in the static limit is 

somewhat non-intuitive result. The reason of such result is that 〈W〉 → 0 due to the membrane’s fixed 

a b 
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boundary condition, reproducing infinite inertia of the system under a quasi-static force. However, 

negative sign represents the opposite reaction to the applied force (Newton’s third law), and such 

behaviour of 𝜌̅ can also appear in other structures [104,105], some of which, specifically characterised 

by negative 𝜌̅ on the low-frequency limit are arrays of flexible membranes modelled from liquid foam 

[106].  

As previously mentioned, the membrane’s small thickness entails a very high-frequency range for 

vibrations related to the membrane’s compression and expansion along its thickness direction; 

however, since such vibrations are monopolar, they can cause anomalous values of 𝑘̅. In this case, as 

explained by Ma and Sheng [84], coupling two membranes to form a new DMR, as shown in Figure 

2.12a, could lower the monopolar resonant frequencies. This structure largely preserves the 

characteristics of 𝜌̅ by having two dipolar eigenmodes similar to those of a single DMR and produce a 

new mode by creating an oscillation of the two membranes against each other. Figure 2.12b shows 

the vibration profiles of these three modes. The new mode entails compressive/expansive motions by 

the DMR (its volume is pulsating but keeping a stationary mass centre), leading to an effective bulk 

modulus k that is frequency-dispersive (Figure 2.12c, centre). At the monopolar eigenfrequency 𝑘̅ 

reaches zero and turns negative on the higher-frequency side of this mode. 

 

Figure 2.12 Coupled membranes giving rise to both mass and modulus dispersions. [84,100,101] 

For our purpose of designing an origami metamaterial device within a window system to allow the 

natural air to flow and at the same time filter the acoustic wave propagation, it could be useful 

considering also the acoustic superlens strategy.  

By following the optical metamaterial examples, a fundamental technique that creates perfect 

imaging known as “superlens” [61] emerged in the ‘70s from the electromagnetic waves research. 

According to this method, negative permittivity and permeability (meaning a negative index) material 
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could have several advantages over standard materials. If a negative index material is coupled with a 

standard material, it can be easily observed through Snell’s law that an oblique incident wave on the 

side of the standard one, inside the negative index material, bends to the same side of the surface 

normal as the incident wave. It follows that this “negative refraction” may cause a reconvergence of 

diverging waves, generating two foci (hot spots) if a point source illuminates the flat slab of the 

negative index material: one focus inside the slab and another one on the other side of it [107]. This 

is presented schematically in Figure 2.13a (top). Zhang et al. [108] reported the first acoustic 

demonstration of negative refraction. Their study built a metamaterial interface through which a 

change from positive to negative was observed in the effective index. A focus (hot spot) was observed 

when a source was placed on one side of the interface.  

 

Figure 2.13 Acoustic realizations of superlens and hyperlens. [84,109] 

Moreover, Ma and Sheng stress that when two eigenstates with the same eigenfrequency are coupled, 

they would show anticrossing and lead to two modes with opposite symmetries and different resonant 

frequencies [84]. Kaina et al., for example, developed two-dimensional lattices including in a unit cell 

a two coupled resonators dimer (Figure 2.13)[109], using resonators with Helmholtz-like cavities, 

which are known to have negative 𝑘 ̅̅ ̅values due to the related monopolar modes generation [110]. 

The coupled system is tunable by the resonators distance variation or eigenfrequencies mismatch 

introduction. Through this techniques, is indeed possible to tune consistently the dipolar modes’ 

frequency and intensity, resulting in two resonators out of phase. 

Another example of remarkable Snell’s law application is provided by Xie et al. [111]. They use a ‘driven’ 

surface wave presented for the first time by Sun et al. [112] and design a metasurface based on a 

sequence of tapered labyrinthine metamaterials to convert efficiently free field propagating surface 

waves. Differently from propagating surface waves, the field of the ‘Driven’ surface wave remains 

localized to the incident field region. Through physic simulation, they demonstrated efficiently how 
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the structure (Figure 2.14) could represent a phononic crystal characterised by a lattice element made 

of inhomogeneous and dispersive metamaterial unit cells. In the one-dimensional case, isofrequency 

surface analysis can be used to predict the incident wave's diffractive properties. In our case, the 

origami system that could be investigated will not probably focus on diffraction or redirection but will 

be designed to filter the outdoor acoustic wave propagation with the indoor users’ needs. 

 

Figure 2.14 Wavefront modulating thin planar metasurface and its constituting elements. [111] 

Liang and Li [113] have researched another way to solve the minimum space maximum sound 

absorbance. By aiming at large phase delays within a small space, they developed a complex, 

labyrinthine AMM with deep subwavelength cross-sectional passages. In this design, known as 

dubbed “space-coiling”, the sound waves are essentially forced to propagate through channels that 

are much longer than their external dimension. Figure 2.15 shows this design where a large phase 

delay Dφ = k0L is caused by the coiled-up passage, where k0 is the wavenumber through the 

background fluid, and L is the soundwave path. These structures are well known to be applied in bass 

woofers (also known as folded-horn speakers) [114]. So it is possible to tune the apparent phase and 

group velocity through the passage total length and, therefore, characterise the effective index and 

the dispersion relation accordingly. Recently, Cheng et al. developed a cylindrical unit cell with fan-

shaped space-coiling segments [115], where the air passage generated a high effective index of the 

unit cell. Hence distinct angular momenta with multiple Mie-like resonances were allowed showing 

the feasibility of single negativity in 𝜌̅ and 𝑘̅. More practically, the strong resonant features of the 

AMM allowed a large scattering cross-section, generating high reflection independently from the 

random units position. 
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Figure 2.15 Space-coiling and acoustic metasurfaces. An example of the space-coiling structure and the relevant sound 
pressure field inside [113]. 

For all the acoustic resonators applications previously cited, sound absorption is fundamental and, 

due to noise exposure related health issues, is of high concern [116]. In these scenarios, lightweight, 

thin absorbers are strongly recommended due to their easy installation and wide frequency sound 

absorption, especially when a building needs to be distinctive for its architectural and energetic 

performance quality. 

Indeed, in these cases, the main challenge is the materials innovation to improve the architectural 

impact and sound absorption, especially broadband, and many are the solution designed so far for 

this purpose [98]. For audible frequencies above 1 kHz to achieve this aim, it is preferable to use 

porous materials as thin as 10 cm [117]. When thin porous materials are inefficient, for example, in 

the presence of audible frequency below 1kHz (low-frequency regime, typically the most irritating 

noise), it is possible to use thin and low frequency absorbing materials made by sub-wavelength based 

structures. For example, it is possible to use Helmholtz resonator panels [118], a combination of 

Schroeder diffusers and perforated plates[90], perforated plates combined with tunable cavities [119] 

or Helmholtz resonators [120], sonic crystals slabs with resonant scatterers [82,121] or periodic 

groove structures [122] rather than using micro-perforations [123] instead of porous materials 

[124,125] or slow sound structures [126]. The general procedure is to design the unit cells in such a 

way as to overlap the frequencies of the resonant modes with respective absorption peaks close to 1. 

 

2.2.2 Periodic lattices: auxetic and chiral metamaterials 

The tessellation of a unit cell including beams or bars determines a reticulated cellular structure 

material called lattice [127] with multiple uses in the field of Engineering ( for example sandwich 

beams, panels, and space trusses) [128]. The static and dynamic responses of such materials is 

determined by their geometric periodicity. There is comprehensive documentation on the elastic 

properties of 2D lattice materials and their relative density-dependence [127,129,130]. Lately, 

researchers have also studied the static elastic buckling and yielding phenomena of lattice materials 

[131], trying to understand as much as possible about their wave propagation behaviour. 
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To review the auxetic and chiral metamaterial concept, it is fundamental to introduce another factor: 

the Poisson’s ratio. This is defined as the ratio of transverse strain to axial strain, n=detrans/deaxial, 

and its effect is the phenomenon in which the material tends to expand in the perpendicular directions 

of the compression or compress in the perpendicular direction of the stretching. For example, the n 

of a stable, isotropic, linear elastic material can variate between -1.0 and 0.5 due to the fact that 

Shear, Bulk, and Young’s modulus must have positive values [132]. Specifically, the last one is used to 

calculate the dimension of a bar made of isotropic elastic material under tensile and compressive loads 

or to predict the deflection, which in a statically determinate beam can occur when a load is applied 

in a point in between the two beam’s supports. Going back to the Poisson’s ratio in the linear elastic 

regime, most materials are characterised by n ranging between 0.0 and 0.5, where for example, 

materials like cork can have a n of 0.0 (very little lateral compression when compressed), steel and 

rigid polymers can have a n of 0.3 before yielding [132]. In contrast, after yielding, especially at 

constant velocity (v) as it happens to the rubber, they get a n closer to 0.5 [132]. 

Materials such as polymer foams and origami are addressed as auxetic when they have negative n. 

The term auxetic comes from the ancient Greek αὐξητικός (auxetikòs), which means “that which tends 

to increase” from the word αὔξησις (auxesis), which means increase. This term was coined by 

professor Ken Evans of the University of Exeter in an article in Nature in 1991 [133], and a 

representative schematic can be found in Figure 2.16. When stretched, auxetic materials become 

thicker perpendicularly to the direction of the applied force. This happens due to their particular 

internal structure and the way it deforms when the sample is loaded along the uniaxial direction.  

 

Figure 2.16 (a) A schematic diagram of a conventional hexagonal structure and how it deforms when stretched, producing a 
conventional positive Poisson’s ratio. (b) A re-entrant honeycomb producing a negative Poisson’s ratio [133]. 
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Auxetic materials are characterised by mechanical properties such as high energy absorption and 

fracture resistance, useful to be applied, such as bullet/armour body, packing materials, knee and 

elbows pads, robust shock-absorbing materials, and sponge mops. 

Lees et al. found that the first natural auxetic material was skin, several types that possess a negative 

Poisson’s ratio, such as cat or salamander skin [134]. Since then, many areas of study have been 

investigating how to reproduce the negative Poisson’s ratio artificially, where structural engineering, 

focusing on researched artificial behaviours, created a wide range of new metamaterials going from 

the molecular scale application of crystallising systems or chemical reactions [135] to the larger scales 

applicative scope for energy and sound damping structures, aerospace filler foams, and biomedical 

implants [136].  

Among all the known methods for realising auxetic metamaterials, chirality is one of the most diffused 

due to the related deformation properties of such structures [137]. As introduced in the previous 

subparagraph of this Chapter, chirality comes from the ancient Greek χειρ, which means hand, 

indicating that a system/molecule is distinguishable from its mirror image, so it cannot be 

superimposed onto it. Körner and Liebold-Ribeiro observed specific 2D quadratic chiral lattice 

structures (eigenmodes of the lattices) showing auxetic behaviour (with negative Poisson’s ratio) and 

analysed it from the totality to the unit cell. By classifying these eigenmodes of basic cellular structures 

characterised by triangles, squares, hexagons or cubes, (with periodic boundary conditions), it is 

possible to derive a criterion to identify auxetic structures based on eigenmodes analysis of simple 

unit cells [137] (see Figure 2.17). So it is possible to recognise immediately from the geometry if a 

metamaterial can be auxetic or not. Specifically, their study aimed to investigate why some 

eigenmodes show auxetic behaviour and others do not. 



Gioia Fusaro - PhD Thesis 
 

59 
 

 

Figure 2.17 Periodic lattices that show auxetic behaviour [137]. 

Starting from the fundamental deformation mechanism of rotation for auxetic structures [138], it has 

been demonstrated that a systematic procedure can be obtained based on: 1) defining the simple unit 

cells as a space-filling unit cell, 2) analysing the unit cell’s eigenmode with periodic boundary 

conditions, 3) identifying the eigenmodes with a high number of rotational centres expressing the 

symmetry of the lattice, and 4) assembling the eigenmode into a periodic lattice. Of course, as often 

happens for computer simulations and mathematical models, it is necessary to notice that the periodic 

boundary conditions (PBCs) give an approximation to a large (infinite) system by using a small part 

called a “unit cell”, which is necessary to create an effective systematicity of the approach. It is 

demonstrated then that analysing basic structures’ eigenmode and carefully selecting eigenmodes are 

effective to design auxetic materials [137].  

As reported in the previous paragraph, the mechanism for auxetic behaviour is mainly identified as a 

simultaneous rotation of either nodal points or midpoints of struts, representing the lattice's 

symmetry for realizing full auxetic behaviour. Thus, for example, the rotation of cylindrical nodes and 
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the ligaments' bending characterises the deformation mechanism observed in auxetic chiral and anti-

chiral honeycombs from Mousanezhad et al. [139] (see Figure 2.18). So, the structures contract in the 

transverse direction when subjected to uniaxial compressive loads [139]. This is the umpteenth 

demonstration due to which chirality is the only way to auxeticity, which we can find among the most 

studied topological features in natural structures [140,141] together with hierarchy [142–146], and 

the hierarchy of chirality [147,148].  

 

Figure 2.18 Schematic of the structure and the unit cell, and the expression of relative density for the chiral and anti-chiral 
honeycombs (left) and the hierarchical honeycombs studied by Mousanezhad et al. (right) [139]. 

From these topological indications, in recent years, several synthetic materials with ad hoc designed 

features have been proposed for novel applications such as dome-shaped panels [149,150] and high 

structural integrity foams [151]. Specifically, within honeycomb shape, it is overall known by 

experimental and numerical assessments that chiral honeycomb possesses a Poisson’s ratio in the 

range of -1<n< 0 [139]. Moreover, considering the enhancements in multiple parameters (introduced 

by Haghpanah et al.) allowing a tailored broad specific stiffness and strength thanks to the hexagonal 

lattice’s higher orders of hierarchy [152], Mousanezhad et al. found that these structures’ in-plane 

mechanical properties are affected by both chirality and hierarchy. However, considering similar 

values of hierarchy or chirality in separated structures (quantified by the r/R ratio), the first one 

determines higher stiffness and Poisson’s ratio than the second. 

Chiral networks are obtained by assembling circular elements (nodes) connected by ribs (ligaments) 

tangent to the nodes [153]. 

Table 2.2 Elastic constants of considered materials [153] 
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Figure 2.19 Chiral topology (a.), Chiral core airfoil (b.) [153] 

R, L, β, tb, and tc, are the parameters defining the chiral geometry and represent respectively the 

distance between the node centres, the rib length, the angle between the imaginary line connecting 

the circles and a rib and the node and ligament wall thickness (Figure 2.19). The mathematical 

relationships between them are tanβ=2r/L, sinβ=2r/R, and sinβ= ½ [153]. Variation of L/R (L/R = cos 

b), here denoted as the ‘‘topology parameter”, alters the chiral geometry strongly and, in turn, in 

Bettini’s study significantly affects the mechanical behaviour of the truss-core airfoils. This kind of 

system, settled in a specific geometrical configuration, hexachiral honeycomb one, unlike other 

auxetic geometries, can tolerate transitional disorder considerably and possess the capability of 

retaining more or less the same Poisson’s ratio despite a disorder degree up to 90% [154]. This is a 

useful characteristic, especially considering the manufacturing processes. 

 

2.2.3 Metasurfaces 

Recently, an intense investigation has interested coiling up space due to the tuneable physical 

possibilities and multiple applications. In acoustics, waves can propagate within perforations of 

subwavelength dimension. Such perforation can be further coiled up, to allow the wave to propagate 

freely in the curled space [36]. Following the Helmholtz resonator principle, a significant innovation 

has been done in recent years by using perforated systems to be applied to the coiling concept and 

reducing the system's thickness. These systems are called metasurfaces, representing absorbers 

realised by coupling a perforated plate and a coiled coplanar air chamber [83,155]. Based on this 

method, the designed metasurfaces proved significant acoustic properties, such as high refractive 

index, double negativity, and near-zero index, while shrinking bulky structures into a deep 

subwavelength scale (which is a significantly relevant feature).  

a. 

b. 

Table 2 
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As Li and Assouar [155] have highlighted, acoustic absorbing systems are regarded as artificial 

boundaries characterised by normalized acoustic specific impedance zs = xs + iys. Here, xs and ysare 

respectively the acoustic special resistance and reactance normalized to the impedance of air za 

=ρ0c0/S with ρ0 and c0 related to air mass density and sound speed, and S as the cross-section area of 

the unit cell (incident side). The absorption coefficient for this effective boundary is expressed by Li 

and Assouar as 

𝛼 =  
4𝑥𝑠

(1 + 𝑥𝑠)2 + (𝑦𝑠)2
 

2.8 

 

 

Moreover, Li and Assouar [155] suppose in their study that an incident acoustic wave propagating 

through the z-direction (Figure 2.20a) impacts the perforated system with periodic holes (period a) 

(Figure 2.20a) and then passes through the holes (diameter d and thickness t) towards the back cavity 

(length l) characterised by an hard boundary. At this point, thanks to the energy dissipation, a high 

sound energy absorption would result in the resonant frequency range. This dissipation is generated 

by the viscous friction on the wall of the perforated holes. This is due to the comparable since its 

geometrical size to the thickness of the viscous boundary layer, dν = √2𝜇/𝜌0𝜔 with ω and μ referring 

to angular frequency and the coefficient of dynamic viscosity. 

 

Figure 2.20 Acoustic metasurface-based perfect absorber with deep subwavelength thickness presented by Li and Assouar 
[155]. 

The results seem remarkable since, in some cases, the metasurface-based structures can totally 

absorb the incident acoustic energy at an extremely low-frequency range around 125 Hz [155], 

demonstrating that an effective absorption can be reached by, for example, the combination of 

perforated plates and coiled coplanar air chambers. 
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2.2.4 Origami metamaterials 

Origami is a geometric folding technique well known for its artistic origin. The name comes from the 

Japanese 折り紙 (origami), which is made by the words ori (folding) and kami (paper). Through time, 

this art stepped from geometric folding algorithms and computational geometry to mathematical 

origami. Nowadays, scientific fields like architecture, physics, building and mechanical engineering 

have borrowed this artistic knowledge to apply it for their own purposes. The outcome has been a 

variety of different origami metamaterial solutions [141], especially in mechanical engineering the 

interest increased in studying and developing the different parts relative motion: orimetrics, rigid 

origami, action origami, kinematic origami, kirigami, with several applications such as 

folding\morphing structures, micro-electro-mechanical systems, etc. It is important to briefly report 

that the main origami techniques in the contemporary scenarios have been developed together with 

other procedures such as the ‘snapology’ one [142]. For the moment, the author will limit to describe 

it as a modular origami technique that has recently inspired the design of highly reconfigurable three-

dimensional metamaterials assembled from extruded polyhedral. 

 The first attempt of effective origami metamaterial solution was developed using the folding system 

invented by the Japanese astrophysicist Koryo Miura and called ‘Miura-ori’. This is a rigid origami fold, 

which means that it can be carried out by a continuous motion in which, at every step, all 

parallelograms are completely flat. This property allows it to be used to fold surfaces made of rigid 

materials from 3D spatial configurations to completely flat configurations changing the directivity of 

the system. For example, any electromechanical acoustic transducer , whether serving as a 

microphone or loudspeaker, is characterised by a specific directivity, exhibiting a sensitivity which 

varies spatially according to the radiation or reception of the sound wave. This property is critically 

affected by the transducer shape and acoustic wave frequency and, used in Miura-ori technique and 

combined with kinetic folding, gives the birth to a great versatility of material in functions and 

properties. 

So origami reconfigurability is a fundamental characteristic that makes such technique attractive to 

design completely new acoustic devices, even if, relating to the Miura-ori and the star-shaped origami, 

this principle has been applied only on few examples. These include reversibly controlling the wave 

energy focusing by reconfigurable acoustic arrays design [156,157], redirecting the acoustic 

transmission and radiation pattern through reconfigurable origami waveguides made by three-

dimensional tubes network [158], or guiding the reconfiguration of the associated arrays of inclusion 

via folding [159,160]. However, these previous examples highlight that the technology has been 

mainly used in middle-big scale applications, especially in terms of sound barriers. Hence, in this 
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research, suitable characteristics found in the Origami Metamaterials Literature Review will be 

investigated to understand if they are deployable in a new origami metamaterial system and filter the 

sound wave from the outside context according to the indoor needs, applying such device in windows 

technology. 

USEFUL DEFINITIONS 

To describe a more accurate origami metamaterials review, it is necessary to introduce some 

definitions presented by Turner et al. [161]: 

● Crease, is a line (geometry) or mark made by folding or doubling any pliable substance, either 

convex (mountain) or concave (valley), and the collective of the creases is called crease 

pattern; 

● Vertex, is where two or more creases intersect, and its degree is determined by the number 

of the creases emanating from it; 

● Folded state, is the material configuration after one or more folding motions; 

● Pleat, is a folding system that creates a relatively close and continual mountain-valley, and its 

reverse fold (valley-mountain) is called crimp (see Figure 2.21). 

Regarding the material used for origami purposes, the choice of this component is clearly crucial. The 

bending capacity of the material in such a way that all the folded pieces are located and behave in an 

expected way is going to be at the base of our research to design an origami metamaterial allocated 

within the window frame and able to allow the natural air flowing, but mitigating/filtering the acoustic 

wave propagation. According to Turner et al., having a folding system that divides the shut-in 

triangular sections to build then the polyhedral 3D structures is the best folding path for engineering 

purposes since it is the one that covers each triangle only once, minimizing the overlap [161]. 

Hamiltonian refinements and Huzita-Hatori axioms are the most popular way to guarantee this, as the 

first one is the procedure with which it is possible to draw an ideal line that connects all the midpoints 

of each triangle (spanning tree), while the second defines rules for paper folds specifying the role of 

each of them through lines and points [161]. In particular, the axioms state that:  

a. Given two points p1 and p2, a line connecting them can be folded;  

b. Given two points p1 and p2, p1 can be folded onto p2;  

c. Given two lines l1 and l2, l1 can be folded onto ‘2;  

d. Given a point p1 and a line l1, a fold perpendicular to l1 can be made passing through the 

point p1;  

e. Given two points, p1 and p2 and a line l1, a fold that places p1 onto l1 can be made passing 

through p2;  
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f. Given two points, p1 and p2 and two lines l1 and l2, a fold that places p1 onto l1 while placing 

p2 onto l2 can be made; 

g. Given a point p1 and two lines l1 and l2, a fold perpendicular to l2 placing p1 onto l1 can be 

made.  

These steps provide the basis of mathematical origami describing simple folds. 

   

Figure 2.21 schematics of a) left: pleat folds and right: crimp folds [161], and b) flat-folding crease pattern (mountain and 
valley creases are black and grey respectively) [161]. 

Another important concept to understand origami design is the flat foldability, due to which for a flat 

piece of paper, there are n angles forming each vertex that all together compose the crease pattern 

and that the sum of these n angles must be equal to 360⁰. 

To realize a flat foldable origami configuration with a single vertex, the conditions to be satisfied are 

three, and they are mainly defined by the Kawasaki’s and Maekawa’s theorems, with a further 

generalisation of these made by Hull in order to globally investigate the foldability [162]: 

a. According to Kawasaki’s theorem, if numbering the angles in sequence, then the sum of the 

odd angles and even angles must be the same. From the labelled creases in Figure 2.21 this 

concept results clearly, as the sum of the angles 1,3, and 5 and one of the angles 2, 4, and 6 

are equal to 180⁰. 

b. According to Maekawa’s theorem, the number of mountains and valleys must differ by ±2. 

This is evident again from Figure 2.21, where in the crease pattern, mountains are coloured in 

black and valleys in grey. 

c. Maekawa’s theorem is satisfied only if the creases degree n is even so that for a complete 

multiple vertices origami design, each panel in the crease pattern must be colourable with 

only one of two colours without having the same coloured panel touching any of its borders. 

So this is another fundamental condition to obtain the foldability of multi-vertex designs 

together with each individual vertex satisfying the previous criteria.  

a b 
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INDICATIONS TO BUILD THE FOLDING PATTERNS DESIGN 

The folding patterns of an origami model are generally designed by using the tree method to dictate 

a 3D structure. This helps to define the folding pattern starting from a uniaxial base and then 

projecting the crease structure in 2D as a shadow tree. Nowadays, the most common way to apply 

the tree method is using software like tree maker [163], which generates crease patterns to get a 

uniaxial base folded. 

 

Figure 2.22 Top: uniaxial base. Bottom: corresponding shadow tree [161] 

 Observing Figure 2.22 from Turner et al. [161] and considering the represented animal folding model 

with the base consisting of a six limbs body (one head, one tail, and four legs), assuming that pi and pj 

are two points on the uniaxial base, and si and sj are their projection on the shadow tree after the 

folding, to generate the crease pattern from the smallest piece of paper the condition dpi pj ≥ dsi sj must 

be respected [161]. In this case, it is important to highlight that the shadow path is defined as active 

if si and sj lie on the end of the limb so only one point in the paper represents the leaf on the shadow 

tree, so si and sj are leaves, and dpi pj= dsi sj. This definition is useful to understand how to fit the uniaxial 

base into a sheet of a specific dimension, and considering a scale factor λ so that dpi pj ≥ λdsi sj, the scale 

optimization steps for the tree maker algorithm are: 1) maximizing λ; 2) driving the shadow path to 

become an active path (si and sj are leaves and dpi pj= dsi sj); 3) using the disk packing method to draw 

circles to design an efficient uniaxial base folding pattern; these circles must have diameters equal to 

the length of the limb on the base (for the folded state) and centred on the leaf edges, and define the 

maximum distance that can be possibly reached after folding from the point at its centre [161]. 

Nevertheless, from these steps, the more the shadow tree is shrinking, the highest is the uniaxial base. 

Another important step for using origami techniques applied to metamaterials is to have a clear 

scheme of how each part is connected with the others. To understand how such linkages work in 

origami engineering, Turner et al. [161] recommend to have cleared the concepts of rigidity, linkage 
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configuration, and space, locked linkages (mathematically defined as those which have disconnected 

configurations space), chains and trees, unlocked configurations, and slender adornments: 

● Chain, is a group of edges presenting one vertex and at least one other edge connected to it 

at each endpoint.  

● Tree, is a group of edges presenting edges branches that end without reconnecting back into 

the inner group. It is not possible to lock 2D chains, differently from trees, and, on the other 

hand, it is possible to lock all 3D chains and trees [164]. 

● Unlocked configuration, is the one that can be folded into any other configuration. 

● Slender adornments, are thicknesses or polygons formed arbitrarily and attached to links in a 

chain or tree-like configuration. 

According to Turner et al. [161], it is also possible to use the glueing if the terminal parts of the 

unfolded future solid polygon are matching: this involves matching boundaries equal-length 

subsections of a 2D polygonal shape with one another to generate a polyhedron in 3D when connected 

or glued. 

Folding and one cut is another technique due to which it is possible to realize a 2D shape by just folding 

a piece of paper and cutting it once (5 pointed star example, see Figure 2.23). It is demonstrated that 

through this method, any planar graph (or only straight lines based shapes) can be produced, even 

though it could happen that some of them would generate an impractical creases number to be 

achieved [165]. A method that is generally used to design origami is the “fold and one cut”, of which 

the foundation of the generative algorithm is explained in the Huzita-Hatori axioms [161] and consists 

of over positioning the overall final figure edges in one line and then cut there.  
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Figure 2.23 Folded and one cut 5 pointed star, produced by ten cuts on a folded square piece of paper It [166]. 

The most common rigid-foldable crease patterns described by Turner et al. [161] are: 

● Waterbomb base (smart materials); 

● Miura-ori pattern, with negative Poisson’s ratio, parallelogram based structure, or 

trapezoids (that can achieve concave or convex structures). Both Waterbomb base and 

Miura-ori pattern can expand and contract in all directions; 

● Yashimura pattern unfolds in a translational motion; 

● Diagonal pattern unfolds in a rotary motion. 
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Figure 2.24 Common origami crease patterns (mountain and valley folds are indicated by dashed and solid lines), 
respectively (a,e) waterbomb base folding lines and in two stable equilibrium positions, (b,f) Miura-ori pattern, (c) 

Yoshimura pattern, and (d) diagonal pattern [161]. 

POSSIBLE APPLICATIONS 

To apply origami engineering, Turner et al. [161] highlight the importance of taking into consideration 

a couple of simplifications applicable when using paper models: 

a. Paper is flexible, and it is usefully described by the product of the maximum and the minimum 

curvature at any one point on a 3D surface (Gaussian curvature), which is negative for saddles, 

positive for convex cones, and zero surfaces which are intrinsically flat but never changes 

during folding. This consistently results in a form with zero local minimum curvature at every 

point;  

b. Finite thickness of the real material, which is a major challenge from theoretical origami to 

engineering (see Figure 2.25). Moreover, materials less flexible than paper are generally used 

in engineering applications, so they are approximated as rigid. 

The proposed solutions so far have regarded the adjustment to the hinges or creases. Folding edges 

can always be hinged together if positioned in valley creases. Using symmetry at each vertex is also 

possible to achieve workable designs (where there can be only a limited fold line at one vertex). 

Moreover, in the last case, if needed, trimming the volume of the edges on the valley side might be 

useful to increase the mobility facility (see Figure 2.24). This procedure might be helpful in case of 

relative thick soundproofing panels used to build the origami, even in our research study for the 

origami metamaterial to be placed within the window frame to allow the natural air flowing and 

filtering/absorbing selectively at the same time the acoustic wave propagation. 

(e) (f) 
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Figure 2.25 Two approaches for enabling origami with thickness, from Tach [167]: (a) Shifting rotation axis for the fold from 
the midline of the material to the material surface; (b) Removing the material near the fold line.  

Other uses for origami techniques are, for example, packaging (like shopping bags or shipping 

containers/boxes), optigami (that can reflect light many times like mirrors creating high resolution, 

large aperture cameras with reduced thickness), space or biomedical devices, other storage 

applications (like cars airbag, lithium-ion batteries, flexible displays, stretchable circuits).  

DEVELOPING THE MANUFACTURING 

Those kinds of origami metamaterials that present a final folding system motion from their folded 

and/or unfolded state are called action origami, and they are separated from those that generally fold 

and unfold into static states. They can be industrial origami or self-folding and self-assembly origami 

[168]. In this second case, the printed circuits (PC) build a Micro-Electro-Mechanical-System (MEMS) 

where mesoscale structures fold due to lasers and magnetic fields [169] and Printed Circuit Board (PCB) 

are made by self-folding sheets of programmable matter actuated by shape memory alloys [170–172]. 

Moreover, lamination techniques generated by following PCB have shown several merits over 

standard fabrication processes for MEMS devices (for example, RF Switches) [173]. Another useful 

practice is designing single-use shaped memory polymers foldable towards the final structure design 

by absorbing light and heating through different coloured parts [174,175]. Finally, for origami-based 

stent-grafts, the Brounian motion simulation has been developed with significant results from the 

medical field [136,176]. 
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Figure 2.26 Dielectric elastomer folding actuator with a silver electrode and with VHB4095 as a substrate (a) at 0 KV DC, (b) 
at 5 KV DC and (c) at 10 KV DC [177]. 

Other action origami can be identified in the electrical devices made by origami metamaterials. They 

are low modulus electroactive polymers called Dielectric Elastomers (DEs) and prooved favourable 

physical foldable characteristics for the origami structures actuation [177] (see Figure 2.26). DEs 

generate mechanical motion of lightweight polymer after being electrically stimulated (causing then 

a Maxwell stress [178]). Moreover, as stressed by Turner et al. [161], DEs are characterised by high 

specific elastic energy density, wide strain response, fast response time, and high actuation stress and 

electromechanical coupling efficiency [179,180]. Finally, other action origami applications are used to 

exploit robotics for origami, specific mechanisms and pop-up mechanism for origami metamaterials. 

POSSIBLE STRUCTURES 

Depending on the purpose of the origami metamaterial design, there are many variations in terms of 

shape and structure. The advantages for the architectural applications, for example, are many: (a) a 

watertight continuous surface that gives much envelope freedom, (b) a purely geometric mechanism 

scale-independent since it is not reliable on the material elasticity and is not significantly affected by 

gravity, and (c) a smaller number of degrees of freedom, which controls the origami folding to the final 

configuration and enables semi-automatic deployment [181]. To analyse this kind of origami 

kinematics is possible to use both the unstable truss model and the rotational hinges model. Different 

existing examples of deployable structures are realised as cylindrical shells (which collapses under a 

torsional force/loading into a 2D plane, see Figure 2.27a) or as deployable membranes inspired by tree 

leaves (see Figure 2.27b). These natural structures indeed have biologically evolved using flexibility 

and rigidity in such a balance. Thanks to these folding characteristics, wind dragging damages are 

significantly reduced and the weight of the structure and occasional other loads can be supported 

simultaneously. The leaves veins and midribs link or support the flexible membrane panels and act as 

a stiffening member. This biological engineering system composed of tree leaves has been carried out 

in relation to the Miura-ori pattern [182]. 
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Figure 2.27 Left: Foldable cylinder based on twist buckling. Right: Leaf patterns. Left: leaf-out. Right: leaf-in [161]. 

The energy absorption structures are another type of application for the origami metamaterial [183]. 

Compliant mechanisms origami-based can contribute to energy absorption and impact force 

distribution systems. Miura-ori design can also be efficiently applied in this case to use crushing or 

plastic deformation of its shape to achieve energy dissipation in static load conditions (dynamic load 

conditions have not yet been analysed significantly) [183]. The main reason is coupling one degree of 

freedom with a negative Poisson’s ratio. These structural properties, in particular, might be useful for 

the object of our research to include an origami metamaterial system in a window frame, where of 

course, structural issues may be relevant. Moreover, a combination of honeycomb structures and 

kirigami can create sandwich structures that help avoid the humidity accumulation problem caused 

by a lack of ventilation and a positive Poisson ratio. As highlighted by Turner et al. [161], Kirigami has 

inspired an auxetic honeycomb core with higher density and averaged properties such as compressive 

modulus and strength [168]. 

Above all, the other additional applications for origami metamaterials based structures of particular 

interest to the acoustics field are the tuneable metamaterials. In this field, origami can be used, for 

example, to generate a range of resonance frequencies by adjusting the distance between each folded 

surface split-ring resonator [184]. 

 

Figure 2.28 Relationship among fold properties, fold types and applications [161]. 

a b 
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ORIGAMI-BASED DESIGN PROCEDURES 

As depicted in Figure 2.28, there are several ways to go from the design stage to the realized origami 

metamaterial device. Four properties are useful to be considered to understand how to convert a 

folding pattern in a functional engineering system [161]: 

a. Rigid-foldability is the property that allows the crease pattern to have more joints in the 

system, so more degrees of freedom, by either additional second crease to the original pattern, 

or a boundary material removal; 

b. The surface must be uninterruptedly continuous, but in case there are no constraints 

regarding it, perforations can be used as well; 

c. Strain energy is stored elastically in the creases and has some design constraints as different 

amounts of strain energy storage are desirable. This is necessary to improve the hinge 

behaviour and improve the strain energy storage for which materials like polymers and metals 

are preferable. Regarding this property, composites and sandwich membranes have been 

used [170], but probably for our research purpose, a monolithic material would be more 

suitable; 

d. The manufacturing method is the last step after the material choice and, for a more flexible 

crease pattern design, the most common practice is to use a Computer Numeric Controlled 

(CNC) Method. CNC methods have been thoroughly discussed by researchers of this field [185], 

mentioning, for example, laser-cut, abrasive water jet-cut, plasma-cut, incremental sheet 

forming, and nibbling methods. In addition, various methods could be used to fold the final 

product, including robotic automated folding, using a robotics approach [186]. 

Apart from the techniques explained so far, Kinetogami is another origami building procedure, 

evolving from the kirigami combined with folded hinges along with Basic Structural Units (BSUs). BSUs 

are 3D empty volume structural polyhedral joints. Even though we are just naming this technique, that 

will not be further discussed; as for our origami metamaterial model, only layers folded in 2D and 3D 

minimal configurations will be used. 

To simplify the designing and make the manufacturing process as efficient as several possible software 

are available: 1) Matlab, with its suite of functions written for rigid origami structures (Miura-ori); 2) 

Tree maker, which generates crease for origami patterns; 3)Organizer, the generator of crease pattern 

to be folded; 4) Freeform origami, quite significant because allow the alteration of crease patterns 

including flat foldability and developability; 5) Rigid origami simulator, that for specific crease pattern 

can replicate rigid origami designs; 6) E-Origami System (EOS), that is preferable in artistic origami 
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design and can define both the crease pattern folding and the mathematical origami folding; 7) 

Mathematica, which simulate the operation of paper folding; 8) Cad programs such as Solidworks, 

that is customizable with more materials options (generally metal sheets). Turner et al. stress how 

fundamental it is for the researchers in this area to implement and improve the understanding of 

folding algorithms related to gradually more intricated 3D configurations. More efficient cost-

effectiveness solutions need to be achieved through the improvement of the mechanical folding 

efficiency, improving the effectiveness of the folding by new crease pattern design from the existing 

ones and defining a more formal and methodological approach for origami engineering.  

 

2.3 Numerical computational methods 

In recent years, programming development has introduced new perfectioned techniques of physical 

simulation. The cost-effectiveness of the testing procedure can be improved significantly with a solid 

numerical provisional method. This is why, nowadays, numerical methods are so popular among 

Engineering companies and researchers. Moreover, while previously calculating models had to be set 

up meticulously through software like Matlab, today, the commercial software available allows 

anybody with basic physical analytical and mathematical knowledge to set up a numerical study. 

There are several methods developed and used among the Engineers or Architects community. In this 

Subchapter, we will explain the fundamentals of the most common ones: Finite Element Method 

(FEM), Finite-Difference Method (FDM), and Boundary Element Method (BEM) (see Figure 2.29). 

When using numerical computation methods to solve a complex problem, we need to follow these 

steps: 

1. Create the geometry (actual structure of a component in reality); 

2. Define the material properties (if required by the problem); 

3. Define boundary conditions including input and output physics characterisation (in acoustics, 

this could be the input soundwave pressure level or the characterisation of the output 

diffusion field, or in computational fluid dynamics (CFD) is the input/output flow velocity, rate, 

or pressure); 

4. Mesh the structure (numerical representation of the geometry interested by the study); 

5. Run the numerical analysis by using a specific method (a most common technique for 

acoustics FEM and BEM is the Galerkin method while for CFD is Reynolds-averaged Navier–

Stokes also called RANS); 

6. Visualisation. 
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After developing a mathematical model (i.e. governing equations, boundary conditions, geometry), 

the involved equations need to be applied to the geometrical domain and/or boundaries following 

different discretisation procedures. Each numerical methods abovementioned have a different 

approach to discretising the geometry interested in the problem. FDM approaches it through the 

discretisation of the problem geometry into a number of steps, where the value of each discrete point 

is approximated through the solution of algebraic equations, which contain nearby points finite 

differences and values. FEM divides the domain of interest into a finite number of subdomains (called 

finite elements) and uses the variational concept to construct an approximation of the solution over 

the domain collection. BEM solve the problem by analysing the response on the boundaries instead 

of analysing the domain itself.  

 

Figure 2.29 Schematics on the numerical methods generally used in acoustics. For FDM, the value of each discrete point is 
approximated through the solution of algebraic equations; FEM divides the domain of interest into a finite number of 
subdomains (called finite elements). BEM solve the problem by analysing the response on the boundaries instead of 

analysing the domain itself. 

 

2.3.1 Finite Element Method 

The Finite Element Method (FEM) is a numerical method used to find an approximate solution for 

complex problems by discretising the domain of interest into finite elements and approximating the 

solution over the domain collection using the variational concept. The origin of FEM are linked to 

research from applied Mathematics, Physics, and Engineering; however, significant development of 

FEM was made through Engineering research. The name was coined by R. W. Clough [187], and since 
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the 1960s, a great amount of research has concerned this technique which was initially developed on 

a physical basis for the analysis of problems in structural mechanics but was soon identified as 

applicable to the solution of many other kinds of problems. 

Generally, in Physics, a mathematical model had to be selected to analyse a physical problem, so by 

solving the mathematical problem, the physical one was solved as well. This is achieved through a 

space discretization in 2 or 3 dimensions, implemented by creating a mesh of the object: a numerical 

domain for the solution with a finite number of points. The FEM formulation of a boundary value 

problem finally results in an algebraic equations system. The equations which define these finite 

elements are then included in a higher system of equations that models the whole problem. The FEM 

then approximates a solution by minimizing an associated error function by using variational methods 

from the calculus of variations [188].  

FEM is used to solve highly complex mathematical models addressed on the main physical domain 

(rather than the boundaries) [188]. Geometrical domain reproduction can also be addressed through 

computer-aided design (CAD) within finite element analysis (FEA). BEM has been more popular for 

addressing acoustic-related problems, while FEM was preferred for structural vibration; However, 

recently FEM has been extensively used for acoustics and fluid dynamics studies [23,189,190] due to 

the topological potential of investigation. Through FEM, indeed, the physical analysis can be run at 

any point of the domain, either in stationary or non-stationary conditions and for this reason, FEM can 

increase the cost of the calculation.  

At the base of the FEM method in acoustics, there is: 

 the transformation of the original problem in an equivalent integral formulation (variable or 

weighted residues method). FEM can solve in straight forward way relatively complex 

problems, whereas the analytical solution is not readily available.  

 the physical variables which must be accurately distributed within the domain (for example, 

the sound pressure in an acoustic FEM problem) and the geometry of the continuous medium, 

which must follow a specific shape function to define the most effective sub-domain (finite 

elements). 

Generally, to obtain reliable results in a certain frequency range, it is necessary to divide the geometry 

using at least 6 (preferably 10) elements for every wavelength [188]. Overlooking every detail of 

numerical implementation, we can demonstrate that the non-homogeneous Helmholtz equation can 

be written again in terms of joint pressure as ([𝐾𝑎] + 𝑗𝜔[𝐶𝑎] − 𝜔2[𝑀𝑎]){𝑝𝑖} = {𝐹𝑎} where [𝐾𝑎] is the 

acoustic stiffness matrix, [𝑀𝑎] is the acoustic mass matrix, [𝐶𝑎] is the acoustic damping matrix, and 
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{𝐹𝑎} is the external sources vector. The solution to this equation, setting some boundary conditions, 

let us determine the joints pressure from which it is possible to determine the acoustic pressure value 

in every point of the domain through the approximation 𝑝(𝑥, 𝑦, 𝑧) ≈  [𝑁]{𝑝𝑖} where [𝑁] represents 

the shape functions set. For the computation of the resonance frequencies, it is proved that it is 

necessary to solve an equivalent system equation as [𝐾𝑎]{𝜑𝑚} = (2𝜋𝑓𝑚)2[𝑀𝑎]{𝜑𝑚}  with 𝑚 =

1 … 𝑛𝑎  and where 𝑓𝑚 are the resonance frequencies and 𝜑𝑚 are the modal distributions at a certain 

resonance frequency [188]. In the end, is it possible to demonstrate that for the resolution of an 

acoustic problem like this, it is necessary to solve beforehand a more complex problem in which the 

FEM models are written for both the acoustic and structural case, and in which the fluid-structure 

interaction is assigned in terms of external strength. So ([
𝐾𝑠 𝐾𝑐

0 𝐾𝑎
] + 𝑗𝜔 [

𝑀𝑠 0

−𝜌𝐾𝐶
𝑇 𝑀𝑎

]) {
𝑊𝑖

𝑝𝑖
} = {

𝐹𝑠

𝐹𝑎
} 

where 𝐾𝑠,  𝑀𝑠, and 𝐹𝑠 are the stiffness matrix, mass and damping for the structural domain. The fluid 

pressure on the structure is proportional to the acoustic pressure (pressure continuity condition), and 

it appears as the connection matrix 𝐾𝑎 , while the structure pressure that acts on the fluid is 

proportional to the acceleration (speed continuity condition), and it appears as a connection matrix 

−𝜌[𝐾𝑐]𝑇  [188]. Moreover, two key factors for the FEM prediction accuracy are 1) the number of 

elements and 2) the given shape functions’ nature. Thus, the accuracy must improve along with the 

increase of the elements number to ensure convergence of the specific solution range towards the 

exact solution. The convergence is guaranteed when some conditions related to shape functions and 

weighting functions are satisfied. So another important aspect of FEM is the size of the mesh. This 

parameter follows different rules according to different physical problems. In acoustics, for example, 

the mesh size is determined according to the FEM criterion, where at least six nodes are used to 

simulate a wavelength in the air following the equation 𝑐 6 𝐹𝑚𝑎𝑥⁄⁄  (so for a frequency range up to 

5000 Hz, the maximum allowable element size is 343/6/5000 = 0.0114 m). For this reason, it is 

important to include a high number of room modes to cover a medium-high frequency range [188]. 

Indeed, element size for 3D FEM analysis can be very small, while number of degrees of freedom (n-

DOF) is consequently high, causing excessively high computational costs, at the expenses of focus on 

AMM-based design and its optimisation; However, if the model results highly complex, but the results 

convergence is proved, mesh size simplification can be accepted. This method of mesh simplification 

has been already used in acoustics research field and validated by experimental measurements [59]. 

The FEM theory evaluates indeed comparisons between different meshes effectiveness by 

quantitatively estimating the convergence order of the FEM error on a sequence of progressively finer 

meshes obtained by uniform mesh refinement [191]. Systems such as the graphical user interface (GUI) 

of COMSOL can be used to determine the convergence of the results of the coarser minimum mesh 
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size, which allows to have a lower computational cost, while guaranteeing the convergence of the 

results [191].  

 

2.3.1.1 Computational Fluid Dynamics method 

In Computational Fluid Dynamics (CFD), the RANS method is commonly used in industry and for 

quicker and efficient approximation. RANS is moreover cheaper than other methods (such RANS-LES, 

LES, and DNS) and calculates and models larger turbulence scales; However, the Reynolds stresses it 

involves in the turbulence model in RANS add six additional unknowns to the system of equations 

while there remain four equations (essentially determining more unknowns than equations). For this 

reason, turbulence models are used to provide “closure” equations through which these additional 

unknowns are solved. Turbulence models are: 

1. Spalart Allmaras (SA) 

 1 equation, designed for Aerospace applications 

2. K-ε 

 2 equations, mostly used for internal flow, popular in the industry 

3. K-ω 

 2 equations, good for boundary layer predictions, poor performance in freestream 

flow 

 K-ω SST is a combination of k-ω and k-ε and is very popular in the industry 

4. Reynolds Stress Model (RSM) 

 2nd order model provides one equation for each Reynolds Stress 

 It is supposed to be superior to all others but very expensive to use 

Another important parameter when considering CFD mesh problems is the turbulent boundary layer, 

which is necessary to model the behaviour of the CFD walls. A key parameter in this evaluation is 𝑦+ 

which is the wall-normal coordinate normalized by the viscous length scale. This scale dominates the 

viscous sublayer region and hence is important in CFD (see Figure 2.30). To optimise the mesh 

calculation cost/effectiveness, most methods such as the K-ε allow defining a much coarser mesh 

where y+ > 5 and a much finer mesh where y+ <1 (see Figure 2.30). 
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Figure 2.30 Schematics of turbulence boundary layer definition, according to the different velocity fields. 

 

2.3.2 Finite-Difference Method 

Finite-Difference Method (FDM) aims at solving differential equations by approximating derivatives 

with finite differences 
𝛿𝑢

𝛿𝑥
|
𝑥𝑖

≈ lim
∆𝑥→0

𝑢(𝑥𝑖+∆𝑥)−𝑢(𝑥𝑖)

∆𝑥
  or rate change of the function if there is a known 

function or a set of discrete data values from experiments. The spatial domain and, when it is 

applicable, the time interval are both discretised into a finite number of steps. Then the value at each 

discrete point is approximated through the solution of algebraic equations, which contain nearby 

points finite differences and values. FDM turns ordinary differential equations (ODE), also known as 

partial differential equations (PDE) and that could be nonlinear, into a linear equations system which 

can be solved through matrix algebraic techniques. An intuitive process to define the approximation 

is using the Taylor series expansion for 𝑢𝑗±1 , and then to approximate geometrically by the 

improvement of the truncation error (𝒪(∆𝑥)). This is possible through the application of the advection 

equation and the dissipation of the travelling signal (for acoustics) or flows (for CFD), expressed by the 

numerical artificial viscosity 𝜐𝑆 ≡
𝑐∆𝑥

2
~𝒪(∆𝑥) where S is the scheme of the derivative. S can be indeed 

either symmetrical or asymmetrical; however, in acoustic FDM, it is always better to use a symmetrical 

scheme to remove the complex part of the wavenumber k. Recently, these linear algebraic 

computations can be efficiently run by computers, leading to easier implementation of FDM in modern 

numerical analysis [192,193]. FDM is nowadays among the most popular approaches to PDE numerical 
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solution, together with FEM; however, it is less accurate than FEM and generally is used when the 

solution to a wider spatial range problem is required.  

 

2.3.3 Boundary Element Method 

The boundary element method (BEM) is used in fields including fluid mechanics and acoustics to solve 

linear PDEs formulated as integral equations (i.e. in boundary integral form) [123]. As depicted in 

Figure 2.31 BEM solves the problem by analysing the response on the boundaries instead of the 

domain itself (as for the previous two methods). So BEM is based on an integral equation over the 

boundary surface. Firstly the Helmholtz wave equation is considered ∇2𝑝 + 𝑘2𝑝 = 0 and integration 

over the volume V is performed, followed by an integral equation over V. Through the  Gauss theorem, 

the Helmholtz integral equation (HIE) can be performed over the surface of the geometry S: 

𝐶(𝑃)𝑝(𝑃) = ∫ (𝑝(𝑄)
𝛿𝐺

𝛿𝑛
+ 𝑗𝑘𝜌𝑐𝑣𝑛(𝑄)𝐺)

𝑆
𝑑𝑆  where P and Q are points in space (HIE is fully 

dependent on these positions), C is a mathematical operator, p is the pressure, G is the Green Function 

which here is normalised over the direction n, and 𝑗𝑘𝜌𝑐𝑣𝑛 is the velocity boundary conditions (from 

Neumann). Afterwards, the surface geometry and the related variables are discretised and then a set 

of equations is solved to find the solution on the boundary and, secondly, the solution on the field 

points in the domain through another application of HIE. 

 

Figure 2.31 Schematic of the BEM overview 

BEM provides accuracy in the problem's solution on the boundary domain due to its semi-analytical 

nature and use of integrals in the boundary integrated elements. It shows efficient meshing properties 

due to the reduction of dimensions, and it is good for stress concentration and infinite domain 

problems for modelling thin shell-like structures/models of materials; However, it fails on exterior 
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problems at certain frequencies and presents singularities in Green’s function and near-singularities 

when the calculation point is very close to the boundary. Finally, BEM is currently a great tool to 

numerically analyse problems of acoustics or aerodynamics [194,195]; however, some limitations 

might appear. For example, BEM discretises only the boundary while FEM considers the exterior 

domain as a boundary (so it needs the support of perfectly matched layer = PML). Moreover, BEM are 

well suited for unbounded domains, and can well be used for arrays and other geometries; However, 

in FEM, there is a higher approximation in the vibroacoustics effect study in the internal domain [188], 

and so, in case of AMMs, resonant coupled systems and topic eigenmodes can be calculated most 

efficiently. 

Overall, there are some cases where numerical analysis is efficient enough (i.e. physical 

implementation of a design process) and others where physical measurements are required for 

validating the numerical predictionsand and assessing the performance of the designed solution, 

considering uncertainties that are not necessarily modeled. In the next section, the most used 

techniques for experimental analysis in the acoustic field are presented. 

2.4 Experimental assessment methods for acoustic 

properties of materials 

In this section, we will define two main experimental assessment methods used in Acoustics. Through 

their detailed description, the suitability of one of them for the current research project will be 

highlighted.  

 

2.4.1 Impedance tube 

Materials’ and Metamaterials acoustic properties (such as absorption coefficient and Sound Pressure 

Level) can generally be measured using these three experimental methods: the impedance tube, the 

reverberation room (diffuse field), and the anechoic or semi-anechoic chamber (respectively free field 

or free field over a reflecting plane), [196,197]. The first method involves a 100 mm diameter and a 

30 mm diameter tube to cover different frequency ranges. The material sample is inserted at one end 

of the tube, while a loudspeaker is placed at the other to create a plane-wave sound field towards the 

sample. A movable system is used to detect sound pressure at any point. The absorption coefficient is 

determined from 𝛼 = 1 − |𝑅2| [198] with |R| as the magnitude of the pressure reflection coefficient 

in the tube, the ratio of the incident and reflected pressure (calculated from maximum and minimum 
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pressures). The distance to the first minimum of sound pressure can also be measured, and together 

with R, can be used to determine the normal impedance of the material at its Surface [197,198]. 

The impedance tube method is effective in demonstrating how plane-waves propagate and how they  

interfere upon reflection; However, this method has also a number of disadvantages: 

1. The sample size is small, with 100 or 30 mm wide diameter; therefore, the derived properties 

may not be the same for a large sample. 

2. The cut and instalment of the sample must be very accurate and careful for obtaining 

consistent results while avoiding vibrational interference.  

3. The determination of 𝛼 is on a single frequency-based; therefore, it is time-consuming. 

This last limitation is nowadays overcome through the two-microphone method [199] for the sound 

field, where two closely spaced phase-matched microphones are coupled with broadband excitation 

of the tube. 𝛼 is then calculated after the transfer function between them is defined by a digital signal 

processor. 𝛼 can also be experimentally determined by the reverberation room method [200] from 

the difference in reverberation time in the room with and without the sample. This method allows the 

testing of larger material samples in the room, characterised by rotating diffusers, and a closer 

approximation of the diffuse-field 𝛼 in terms of bounded space sound field. Nobile proposed one 

additional method more informative than the reverberation room by measuring 𝛼 as a function of the 

angle of incidence of the spherical sound wave in a free field condition and using the above-mentioned 

two-microphone technique and a reflecting plane [201].  

Since samples should be very small, sometimes impedance tubes are not the optimal measurements 

tool, so others should be considered, for example, anechoic chamber.  

 

2.4.2 Anechoic chamber 

The name of the anechoic chamber comes from the Greek "an-echoic" and means a space without 

echo, so it is designed for absorbing any internal sound wave reflection completely and is insulated 

externally from sound sources. The resultant simulation of a quiet open space of infinite dimension 

without depending on the outdoor influences is particularly useful. American acoustics expert Leo 

Beranek coined the term anechoic chamber, and it was originally used in acoustics (sound waves) to 

minimize a room's reflections[202]. More recently, anechoic chambers are being customised for 

testing antennas, radars, and interference from electromagnetic impulse in different radio 

frequencies [203,204]. 
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Their size can cover a wide range of dimensions: from few cubic meters to ten thousand cubic meters. 

The two variables to determine the chamber's size are the tested objects' real size and the input signal 

frequency range. Scaled models can sometimes be used by testing at shorter wavelengths (higher 

frequencies). Figure 2.32 describes how the anechoic chamber structure minimises the impinging 

sound waves I reflection, thanks to a series of wedges W with height H. Therefore, I is reflected in a 

number of waves R, redirected randomly within the air gap A between the wedges W (delimited by 

dotted lines). During this process, such redirection may produce in A, a temporary wave pattern, 

characterised by the acoustic energy dissipation of R through the viscosity of the air, particularly in C. 

Moreover, an additional dissipation is generated by the foam wedges. The resultant soundwave R', 

which exits the gaps A on the propagation direction I away from the wall, is notably reduced. Overall, 

this bidimensional theory is also valid for 3D anechoic chambers structures.  

 

Figure 2.32 Minimization of the reflection of sound waves by an anechoic chamber's walls. 

Overall, methodologies including metamaterials and numerical computational methods can count on 

established guidelines based on both Physics and Psychoacoustics [52] that they can use to define if 

the results they got from the simulations or the data acquisitions are effective or not, and this is so far 

an efficient solution.  Moreover, most contemporary research in this field uses physic simulations or 

psych-based parameters to evaluate new architecture systems' impact on people’s lives [47,59]. 

However, when these methodologies are applied to solve issues related to the built environment, the 

involvement of human perception and social function and interaction could be crucial. Users indeed 

evaluate the effectiveness of building’s features (such as windows, balconies, walls) or environmental 

tools (such as absorbers, diffusers, and acoustic isolating materials) also through social meanings such 
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as the relationship they have with such system, the function of the room, and the outdoor 

environment characterisation [43]. Some researchers tried to apply social science-based practice 

within Industrial Engineering [41,205–207]; however, this is not a general practice for building’s 

features made by AMMs that lack user experience consideration and contextualisation in their design 

phase. The increasing interest in involving human perception and social interaction to develop new 

architectural design systems should include social science-based methods to make the architecture as 

adaptive and dynamic as possible according to external inputs and indoor comfort needs. For these 

reasons, an extensive overview of human perception and interaction through the Social Sciences 

Method is included in the next section. 

 

2.5 The Human Factors in the built environment 

Human needs have always been central to the built environment evolution; however, the real 

contemporary evolution is based on the human perception and interaction with it [1,47,55,81]. The 

advances in materials, manufacturing, and construction technologies allowed Engineers and 

Architects to reach unbelievable results from the human interaction perspective while making 

Architecture as adaptive and dynamic as possible [80,208]. By focusing more on a customer-centred 

perspective rather than an enterprise-centred one, this trend eventually turned into what is generally 

known as Ergonomics. Ergonomics comes from the greek ἔργον, which means work or task, and νόμος 

which means law, custom or usage, and is the science that concerns the interactions among humans 

and other elements of a system (originally related to the work task but nowadays applied to any 

activity’s tool design). In this discipline, “Human factors” are studied for optimising human well-being 

and overall environmental performance through theory, principles, data and design methods [209].   

 

2.5.1 Human Perception-based methods 

Human perception describes how the brain interprets and organizes the outside inputs captured by 

our senses [210]. Particularly significant in modern science has been to study how this process is 

formed and how it affects our memories [211–213]. This depends on the human sensory apparatus 

and many external factors, such as visual, thermal, acoustic inputs [214,215]. Moreover, most of the 

inputs perceived by humans are filtered through the built environment meaning, as people in 

contemporary time spend 80/90% of their time indoors [216]. Due to thermal, acoustic, luminous 

environments and indoor air quality, the indoor environment has a high impact on occupants' 

perception, health, and work performance [217–220]. Several international organisations intervened 
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on the topic: the United States Environmental Protection Agency (USEPA) ranked Indoor Air Quality 

(IAQ) as one of the top five environmental risks to public health [221], while noise distractions have 

been proved to lead to 66% drop in people’s performance and concentration by World Green Building 

Council (WGBC) [222]. Thus, it is important to study such a topic from the users’ perspective to 

increase public awareness of comfort and health and discover how they prefer the indoor 

environment using the latest energy-saving technologies according to their perception. Much research 

has further investigated how indoor environmental factors influence human perception or 

performance and vice-versa. Extensive investigation on environmental factors' relationship followed 

through quantitative research, namely simulations, questionnaire-based environments evaluation, 

and experimental requalification [223–227]. These works aimed and contributed to improve the 

working or living environment comfort; however, to optimally apply their findings to the built 

environment or its features, Ergonomics must be involved. 

 

2.5.2 Ergonomics 

Ergonomics comes from the greek ἔργον, which means work or task, and νόμος which means law, 

custom or usage.  This science concerns the interactions among humans and other elements of a 

system (originally related to the work task but nowadays applied to any activity’s tool design). In this 

discipline, “Human factors” are studied for optimising environmental performance and human well-

being through theoretical principles, experimental data and design guidelines and methods [209]. This 

includes operational benefits of a product which include but are not limited to attachment and 

pleasure or fun [206,207]. External inputs, indoor comfort needs, and ergonomics have become a 

fundamental part of the design innovation process [38–41]; however, published works on the built 

environment and its features are still limited [43]. Only a few of these studies have indeed considered 

using social sciences methods to investigate such fields [44] involving, for example, focus group 

methods. Although many methods have been developed to test the physical or psychophysical 

effectiveness of window design investigation [2,9,45–49], there is still a need to better understand the 

interactions between people and windows to optimise building systems performance and human well-

being through architectural and engineering design. 

Participatory ergonomics can be useful for such a research gap, as it actively involves the users in 

implementing ergonomic knowledge and procedures in the environments they are used to 

[207,228,229]. A leading investigator supports these users’ efforts to improve their living and working 

conditions and product quality. So collaborative methods of Social Sciences can be largely used in 

participatory ergonomics, which starts by organising a project team to solve the ergonomic problems 
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in selected environments. People who join the participatory ergonomics team are highly motivated by 

their participation in identifying human factors in familiar environments and finding solutions to 

problems [206,230]. The users know very well what kind of ergonomic problems there are in the 

environments they live and work in every day, and they become eager to solve them in terms of 

ergonomics. Therefore, they are willing to receive the redesigned environmental system because they 

have redesigned it and reformed their organisation for themselves and future generations [209].  

Regarding the development of window design to improve the built environment, there are no 

indications derived from participatory ergonomics or the overall existent physical and psychophysical 

approaches. Therefore, it is not clear how people relate actively and passively to windows, how they 

perceive them as a means of communication between outdoor and indoor environments, and how 

they think they could be improved to make a better indoor environment. The previously cited 

window’s design studies aimed and contributed to creating an ergonomic working or living 

environment; however, they do not fully capture the social meaning that those environmental 

qualities have for the users. This disconnection has led to a window design that does not consider how 

people possibly relate different window shapes or materials with indoor and outdoor environment 

function and with the degree of privacy. So it is necessary to fill this gap to improve the manageability 

of this fundamental tool from users’ perspective by including more in Ergonomics Social Sciences 

based methods, especially using participatory techniques such as Focus Group.  

 

2.6 Focus Group - Theory 

Participatory methods, one of the examples is the focus group, have been initially related to business 

methods for product development, but in the last century, it has been increasingly connected to 

politics. The decision-making issue has evolved into a participatory democracy meant as a 

complementary dimension of representative democracy also applied to business reform governance 

[231]. Participation in politics and business generally involves people who belong to different 

backgrounds, including ethnicity, geography, culture, education, age, and gender. This gave rise to the 

fundamental debate related to non-scientists contribution to scientific output [231].  

Patrimonial Management regards all the processes of collective management requiring negotiation 

among various individuals or collective involved (i.e. public stakeholders, representatives of public 

authorities, the financial world). It was natural that public governance came out with laws to manage 

it, giving positive results during its history. According to Ollagnon in France, for example, ‘by creating 

consultative structures, by calling the users and the local authorities to negotiate,’ 1964 French Water 
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Law ‘considerably increased the efficiency of administrative action.’ [232]. Non-scientists- 

participation can be directed and supported by researchers to make it useful to the ideas development 

process through several instruments: mixed groups (scientists and not) or supporting materials to read 

and watch (like documents or videos or tangible materials).  

In the participatory method, a Focus Group is a small group of people, from 4 to 20 [233], with a 

moderator, whose main task is to present the study input most neutrally and facilitate an equal and 

fair discussion to develop points of view about preferences and opinions. Observing the interactions 

between group members reveals the variety of values and priorities regarding a specific topic. 

According to Wilkinson [234], in the focus group discussion, ‘Collective sense is made, meanings 

negotiated, and identities elaborated through the process of social interaction between people’. So it 

is clear that, as she argues, this method opens up a new view on generally hidden and rarely 

penetrable processes. More than reaching a consensus or decision, this method investigates issues 

within a priori limited knowledge. Since an individual's opinion related to an issue can change during 

the discussion, it is fundamental for the researcher to focus on how the perspective changes and why. 

As Morgan suggests:’ Focus groups are useful when it comes to investigating what participants think, 

but they excel at uncovering why participants think as they do’[235]. 

Furthermore, through focus groups, is it possible to obtain an added value. They provide an 

opportunity to generate data that, within the symbolic interactionist approach [236], which Seale [237] 

points out as an early version of the qualitative approach since they emphasized the active aspects of 

human social life, are open to analysis which highlights the active construction of meaning. Callaghan 

[238] argues that “carefully selected focus groups can access knowledge which embodies the “habitus” 

of the wider community”. She mentions the ‘habitus’ coined for the first time by Bourdieu, who 

wanted to refer to ‘dispositions’ or filters through which individuals perceive the world, which is 

‘socially constituted’ and ‘acquired’ [239]. Important hints for the design process can be included in 

this behaviour. It is important, therefore, to analyse individual voices within the discussion. This is why 

before the experiment is processed, some study and practice on human coding behaviours in group 

discussion would be recommended [233]. 

One of the most famous social research centres in London, the Tavistock Institute, asserts that during 

the 1940s, the most diffuse method was client-focused [240]. In this process, the company which had 

to realize a specified product for the client used to follow these phases: 

1. Definition of the research topic by the client and following delineation of the problems by the 

company; 

2. Initial troubleshooting; 
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3. Focus group with adequate classified samples of participants; 

4. Call for an expert to address the issues identified from the focus group. 

 

2.6.1 Setting limited a priori knowledge 

A fundamental question is related to the method of conducting the focus group, discussing if the a 

priori categories setting is better than achieving those categories from the group’s discussion. In the 

first case, it is possible to achieve a structured and linked discussion. All the categories are also defined 

and connected following the researcher criteria.  In the second case, the categories generated by 

participants are analysed. So there could be the risk of finding data divided cleanly into separate 

categories but without any linkages. In this last method, it is possible to build a so-called ‘grounded 

theory’ approach to data analysis, used by many focus group researchers [241]. This phase is critical 

for the researcher due to the need to set a data analysis without setting a preconception regarding 

the research's aim. As Melia pointed out, it is necessary to understand the importance of stating the 

focus and the intents (from those used for the research proposal and funding and ethical approval) 

and how to use them to create a pragmatic version of grounded theory [242].  

Moreover, it is generally preferable an active engagement with the participants from the moderator 

in discussing and processing a theory, directing each tentative and keeping the discussion close to any 

category. Udo Kelle describes such an approach as ‘in-vivo’ codes and ‘theories of members of the 

investigated culture’ [243]. In the latter, as Barbour argues, this approach should be seen as focusing 

on data set that belong to distinct categories which are completely disconnected [233]. This is 

generally a symptom of a stretched fitting data in available categories instead of deriving those 

categories from the data, cutting off an important part of the qualitative research, where every distinct 

transcript data is composite and can fit at the same time different categories of coding, possibly 

related to the different wide topic. 

To allow participants to engage in a discussion, regardless of each different background, the 

researcher should introduce the topic discussion giving some brief information but not going in too 

specific details to let the discussion explore a possibly independent perspective. As Barbour assumes, 

presenting cuttings from tabloid newspapers or excerpts from TV shows can also work as icebreakers, 

especially in case participants may be introduced to the university environment for the first time. In 

this way, participants can be reassured of the discussion accessibility and offer a vast amount of 

resources through their daily lives and interests [233]. 
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2.6.2 Determining topic guide and stimulus material   

As has already been highlighted, it is important for a researcher approaching a focus group experiment 

to have a topic guide to follow. This should show a series of goals that the researcher aims to achieve 

during the experiment. The structure must be divided into blocks depending on the participation of 

the group members: passive (where the researcher spots some hot topic and ask open questions to 

them) and active (where the participants should actively build a discussion based only on a non-

directed question as to the showing of pictures or other stimulus material). It is important to define 

every sub paragraph in each block, including the estimated time to conduct the discussion or to let 

the topic be sufficiently explored. 

The researcher's general aim must be to conduct an in-depth study to anticipate the discussion and 

imagine the possible responses to his/her conversational gambits and then synthesize this whole 

process in a few key questions and images. For specific questions in the main research project, it is 

possible to use the pilot topic guides before making them. The questions should be open-ended since 

the task of the researcher/moderator is to ask participants to expand on or explain their comments or 

usage of a particular term and probe and invite them to theorize as to why sometimes they hold such 

a different view. It can also happen sometimes that the questions investigated and the input 

generated from the participants could be deeper and explore in a more sensitive way than those the 

researcher had decided to use.  

In the end, the topic guide should be enough structured to allow the facilitator or the researcher itself 

to conduct the experiment, avoiding discussions too far from the main points. The topic guide's most 

important role is to accomplish a non-stop questioning and evaluation of the upcoming descriptive 

frameworks to protect the focus group researcher from slipping into using an imprecise method. So 

the data generated will reflect the brainstorming and the group's dynamics more than an accurate 

description of the individual’s opinions. Individual questionnaires could further explore this after the 

focus group. However, in the presented PhD project, the most important goal is to detect people's 

awareness of design issues in existing window systems and how they might collaborate to define a 

new approach to accomplish their necessities. This is another reason why the stimulus material will 

be shown and discussed between everybody to achieve an agreed ideal design prototype.  

Two main alternatives can be considered to determine the criterion of the stimulus material. It can be, 

for example, a simplified building part of the discussed concept as several simplifications of window 

characteristics (e.g. different frame shapes, frame thickness, glazing colours or opacity degree 

proposal). Otherwise, it can be an example of an already built prototype as a different window 

typology with all the over cited characteristics already assembled. Stimulus materials can also be 
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extremely useful in breaking the ice and injecting humour [233]. Due to them, is it possible to stimulate 

the discussion and afford the potential for comparison across the groups. The importance of using 

stimulus material in this qualitative method research is the potential of interaction engaging as much 

directly as possible. Even since each group member will filtrate the material with their own experience, 

it will be easier for them to explain their feelings or present references related to their past. So it put 

them in a more direct connection in terms of discussing. 

 

2.6.3 Setting the sample 

Recruiting focus groups participants involves making several pragmatic and ethical decisions. Since 

there are no exact methodologies for conducting this phase of the study, it is fundamental to set the 

group composition coherently with the whole research structure and consistently throughout it. 

Barbour advocates using a topic guide and stimulus material to incite interaction and the definition of 

the group composition and simultaneously promote adequate experiences or perspectives variety 

[233]. This will, in turn, ‘ensure that participants will have enough in common with each other to make 

discussion seem appropriate’ and ‘allow for some debate or differences of opinion’ [233]. Regarding 

the purpose of qualitative sampling, Kuzel, Mays, and Pope all focus not on recruiting a representative 

sample but on reproducing the variety within the group or population under study [244,245]. This is a 

crucial stage since the researchers will make their comparisons and considerations using those data 

from it. For this purpose, it is important to draw up a sampling frame and leave the outline sufficiently 

open to make the most of any further researcher’s intuitions or opportunities reached during the 

progression of the study. On the other hand, to carry out the systematic comparison, the data can be 

interrogated purposefully through purposive sampling. In this PhD project, for example, the sampling 

is quite open since the study's aim includes all the different kind of users of indoor spaces.  

When setting the parameters of a focus group experiment, another important point is the number of 

participants since the bigger the number, the more difficult it is to analyse precisely each participant's 

behaviour within the group. This aspect traces the main difference between marketing and academic 

research. Most of the discussion is summarized in the marketing research approach, either verbally or 

in note form. In social sciences, research instead focuses on the whole verbatim transcript of the group 

discussion, which is the main document to be analysed systematically and in detail. This is why a larger 

group of eight participants could result in being too demanding for the moderator to guide and for 

the researcher to analyse. On the other hand, it is possible to hold a focus group discussion with three 

or four participants (which sets a minimum number of people in each focus group)[233]. Moreover, 

the room's size where the study will be conducted can also dictate the number of participants. Indeed, 
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it is generally advisable to visit the venue in advance so to ensure not only that there are the conditions 

to support a discussion (e.g. quiet place and size of the room), but also that there will not be any items 

that might influence the content of the discussion or even offend some of the participants. Finally, an 

inspection of the room and its accessibility is particularly advisable if any individuals with disabilities 

or restricted mobility will attend. Another aspect to consider is the involvement of a way to pay back 

the participants as money or food. Rewards and refreshments might be seen as a mystification of total 

volunteer participation in the experiment and a non-spontaneous interest from the individual 

participating in the research. On the other hand, it is worth considering providing a reward or 

supplying a refreshment during the focus group experiment since it can help create a relaxed 

atmosphere and show gratitude to the participants. In the case of refreshment, this should be planned 

to consider all the food restrictions given from individual’s religions or ethnise, or people eating 

diseases or intolerances.  

 

2.6.4 Relationship between researcher and researched 

Should researchers as moderators try to engage in a discussion themselves with the participants, or 

should they open the discussion with a question or an example? Furthermore, in the second case, may 

they specify the context of the question/example or should it be left open to be explored by the 

participants? Focus Group could be intended as a maieutical process, so the approach to the 

participants should be to introduce the topic and then leave the participants to discuss it actively, 

redirecting them when the discussion goes far from the main aim. Indeed, according to Morgan’s 

argumentation, if the moderator does not direct the discussion of the groups, they are not focused 

enough on the topic and cannot be called focus groups [235]. So, the researchers/moderators must 

have a clinical and mindful approach to the focus group, aware of the temptation to equate their 

disciplinary interests with the political interests of those they research without transmitting any 

personal perspective. However, what must be considered is the researchers' awareness of active 

contribution to the data they are generating: this concept is called reflexivity. Referring to this aspect 

of the research, Barbour summarise: 

“As with many other aspects of research design, there is no such thing as a 

perfect match between moderator and group. What is crucial, however, is 

that the impact of the researcher on the data is taken into account in the 

analysis, that this is used reflexively to analytic advantage.” [233] 
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Puchta and Potter discuss the moderator's effort in ‘working at’ getting people to speak while not 

mining spontaneity [246]. The moderator has indeed a key role in keeping the balance between the 

importance of the participants to ‘answer as spontaneously as possible’ and the relevance of the 

discussion topic [246]. They continue: ‘Put another way, it is a tension between the licence to give 

answers that are “neither right nor wrong” and demand participants actually to produce answers 

rather than “I-don't-know's”’.  

At the latter qualitative research may generate a feeling of upset or distress in the researchers, even if 

it did not concern the relationship between them and the researched directly, and even where 

apparently there is no sensitivity to the topic. To ensure adequate support, Owen stresses that the 

researcher must have the availability of a ‘supportive and experienced research supervisor or colleague: 

in order to discuss her/his thoughts and feelings after fieldwork exposure’ ([247] p.657).  

 

2.6.5 Using of focus group alongside quantitative techniques 

It could be necessary to review window design examples to create stimulus material (e.g. making an 

images documentation analysed and grill to define windows elements categories). In this way, giving 

some pictures as references substitutes written description and gives the participants a direct 

sensorial input to represent reality. Moreover, it would be useful to observe specific keywords for 

each category at the transcript analysis stage. Indeed, it can happen that beneath the overall 

discussion, some particular words get repeated by several participants and so become keywords. It 

could be relevant not just to analyse how many times they have been repeated but also to define 

classes related to their qualitative acceptance. Unfortunately, no references in which this method was 

used have been found, so this is a first attempt of conducting in such a complementary way through 

keywords a qualitative and quantitative research method.  

 

2.6.6 Guide lines for collecting the data 

Data collecting can be done through several methods. The most common are note-taking, reports 

from moderators (that, in this case, will be the researchers themselves), and memory-based analysis. 

All these methods could be satisfactory for this academic research since the group's entity is 

reasonable, and the contents of the discussion will be regarding a tangible effect on an object as a 

built environment feature. After setting the focus group environment, the really important thing is to 

record all the experiments appropriately. This means choosing good quality recording equipment and 

placing it appropriately to reach all speaker voices but not in a too visible way because it will make 
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people feel uncomfortable about speaking in front of such a device if they feel its presence. Video 

recording could also be useful with this approach. The researcher can get all the behavioural 

expressions through speech and body language, giving the research some more input. However, even 

if this could be an efficient approach, it is not always the best option since it can increase participants' 

self-consciousness and discomfort. They will be stressed and so could act in a non-natural way. After 

this stage, the recordings must be transcripted, possibly through software that automatically does this. 

In this phase, it is extremely important to set everything with the aim of distinguishing individual voices. 

This is generally achieved by asking participants to introduce each other (observing common 

courtesies) and using people’s names during the discussion to make this task easier [233]. Names that 

will be encrypted of course after this stage. It is also important not to go through the transcript analysis 

stage too far from the actual focus group to allow the researchers to recall as much as possible of the 

discussion, especially with the notes' aid. So researchers must be able to rely both on recordings’ 

transcripts and notes as the first give the possibility to return to the data at a later date, perhaps to 

reanalyse them in the light of new insights gained from subsequent studies or through further reading. 

According to Kitzinger, it is recommended to read the transcripts whilst listening to the original 

recording and, using field notes aid, noting any significant gestures, emphases and expressions of 

participants voices [231]. So even if they are not following a rigorous conversation analysis approach, 

the researchers who analyse focus group data can generally learn much from the attention to detail 

and may include helpful notes on tone, interruptions and body language to aid analysis.  

Moreover, the coding frame should be flexible enough to incorporate themes introduced by focus 

group participants on the analysis side. While identifying the broad themes, the researchers need to 

pay attention to provisionally allocate some other more specific themes to subcategories relating to 

these broad headings. It is worth then think about the linkages between them. According to Barbour, 

it is generally expected that no more than twenty broad themes would be generated for each 

experiment. In addition, at the end of each focus group, it is important to keep some time to debrief 

the group, allowing each participant to raise any queries or clarify any doubt about their participation 

in the experiment. Finally, participants must have the researcher’s contact details if they wish to query 

or concern about anything. 

 

2.7 Literature Review Highlights and Research Questions 

In Chapter 2. Literature Review, the relevant methods and fields were reported and discussed to show 

their importance within the PhD project and prove the relevance of the Research Question. From this 

chapter, windows are a key feature of physical connection with the outdoor environment, yet 
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standard windows cause discomfort when users must choose between natural ventilation and noise 

reduction. Modern technologies such as AMMs have a wide range of applications and could perhaps 

resolve the previous highlighted issue if implemented into the window system; However, so far, these 

technologies have been developed without considering human perception and ergonomics. So further 

research is needed to address the physical, perception and ergonomic issue of windows through 

AMMs to allow natural ventilation and optimised noise reduction. In particular, three research 

questions (see also Figure 1.1.2) should be answered by the end of this project to fill the actual 

research gap: 

1. Which are the most relevant ergonomic principles to be followed when designing a new 

window system? Why is it important to follow ergonomic principles in an AMM-based 

window?; 

2. What are the benefits of using AMMs over traditional window technologies? How is it possible 

to embed AMMs into ergonomic windows?; 

3. Will an AMM-based window impact people’ perception significantly and improve overall 

indoor comfort? How does this new AMM-based window relate to the ergonomic principles? 
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3. Participatory approach to draw 

ergonomic criteria for window 

design 

The contents of this chapter have been published in the peer-reviewed journal International Journal 

of Industrial Ergonomics by the name of “Participatory approach to draw ergonomic criteria for 

window design” [4]. 

As Section 2.7 Literature Review Highlights and Research Questions highlighted, the first research 

gap to be discussed and investigated is related to which are the most relevant ergonomic principles 

to be followed when designing a new window system. Literature review helped understanding how 

focus group theory and participatory design might contribute to improving the actual knowledge 

about the human factors in the built environment; however, no study has been clearly highlighting 

criteria or guidelines to follow when the ergonomic value of a building feature, such as the window, 

must be developed. It is logical then that this chapter reporting an experimental study and related 

discussion must be the first one presented in the thesis structure. Chapter 3 is indeed structured to 

explain the method followed to structure a focus group experiment, the Grounded Theory applied to 

derive each category of evaluation of the window’s ergonomic value, and finally discuss the merit over 

previous studies about involving this specific participatory method to draw ergonomic criteria for 

window design. 

 

3.1 Background 

The first part of the project is based on a focus group-based experiment. While the theory and 

challenges of focus group experiments have already been exhaustively introduced in Section 2.6 Focus 

Group - Theory, this experiment aims to study how participants relate the built environment openings 

with their perception of indoor spaces dynamics (according to multiple factors such as indoor function, 

outdoor environment, opening size, and geographical area). At this stage of the project, new criteria 

to improve windows design strategies using participatory ergonomics and the grounded theory 

method are investigated. Focus groups are used to investigate participants' reactions and discussions 

about the visual stimuli and their deduction regarding further employment of specific window design 
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techniques or uses. Results framework are established through the relevance of the relationship 

between 25 coded categories, grouped in 5 main macro-categories used to describe the value 

attribution of ergonomic window design from the users' perspective. Three design principles are 

highlighted: connection with the outside context to feel oriented, filtering glaze or techniques to 

mediate the outdoor stimuli towards the ideal indoor conditions, and manageability. Overall the 

method is validated and applicable to other architectural features design studies. For the designer or 

professional working on innovation and production in the Architecture and Engineering industries, 

these principles could be an efficient tool to improve the industrial appealability of a product. 

 

3.2 Methodology 

This part of the PhD study investigates the advantages and problematic aspects of window design 

experienced by general users, understanding its impact on indoor comfort and people behaviours, and 

optimising the ergonomic design process. Following the focus group method, visual stimuli were set 

at the beginning and a topic guide. The Focus Group method was used to facilitate a discussion about 

generic life scenarios involving a window system. Visual examples supported the single and collective 

awareness of window design influence on comfort perception. Participants were sought between the 

University's staff and students as well as people residing in Sheffield. A total of five focus groups were 

organised and performed in one of the University buildings. For each focus group, 12 tasks were 

assigned and completed, while the related visual stimuli were shown, according to the topic guide. 

The focus group method was more appropriate than individual questionnaires [248] since the 

awareness of the group more than just of the single person was one of the critical points for the 

research questions. Indeed, this methodology was concerned about whether people relate actively or 

passively to window design, how they perceive windows as means of communication between 

outdoor and indoor environments, and how they think this feature could be improved to create a 

better indoor environment.  

After data were collected, Grounded Theory (GT) was used to analyse them. Generally, during this 

phase, the information was separated into smaller chunks through a word-by-word or line-by-line 

process called open coding [241]. A constant comparison method is indeed at the core of GT, which 

requires new codes to be compared to those already defined (like in our focus group study settings) 

or identified (along with the data analysis), focusing on similarities and differences. The continuous 

refinement theory was ensured by the constant reorganisation and redefinition of the thematic 

categories used to develop the theoretical constructs [241]. After having identified significant themes, 

the connections between categories in different parts of the data were explored in the so-called axial 
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coding [249], where their significance to the whole body of data was discussed. At the end of this 

study, 25 categories and 5 macro categories were elicited through GT. Moreover, three principles that 

drive the value attribution of ergonomic window design from the user's perspective were identified. 

Figure 3.1 shows the study workflow describing the passages between the initial settings, the 

processing, and the results. 

 

Figure 3.1  Workflow describing the passages between the initial settings, the data processing, and the results (the numbers 

indicate the elements used or elicited for each passage). 

 

3.2.1 Procedure and questions asked 

The procedure that was followed to gather the data from the focus groups was entirely designed from 

scratch. 9 from the Ethics Committee from the University of Sheffield was received before starting the 

experiment. The material used, as explained above, was a visual stimulus to start the discussion. As 

shown in Figure 3.2, the definition of passive and active role from the participants' perspective was 

drawn first to receive and process several pieces of information (passive role), and then discuss their 

opinion and elaborate as a group an ideal window design (active role). All the participants faced the 

same passive and active experimental parts simultaneously, which did not favour any group member 

compared to others. The experiment consisted of six parts:  

0. Presentation of the study named 'Focus group: the relationship between spaces and openings 

experienced', consent form, and presentation of the participants to each other; 

1. Negative/positive perceptions about window design expressed individually (written form): It 



Gioia Fusaro - PhD Thesis 
 

98 
 

was asked to the participants to write what they perceived as being potentially negative or 

problematic and positive or beneficial about windows. This exercise was also repeated at the 

end of each focus group to understand if and how the study affected the way participants 

perceived the indoor environments depending on window design. 

2. 'Different scenarios discussion': images of different contexts and different windows typology 

were presented to the participants to make them discuss it and highlight the actual knowledge 

and awareness on window design strategies owned by each of them. For instance, they were 

keen on explaining how they perceive the light's intensity, the dimensions of the openings and 

other similar characteristics. The scenarios were set to define offices (Figure 3.3,a-c), street 

views and spare time contexts (Figure 3.3,d-f) or home environments (Figure 3.3,g-i). The first 

part of this second stage was used to give the participants a universal base of the technical 

definition of different window's designable characteristics (parts or typologies) and different 

window design options. This stage, defined as 'passive', helped them create their vocabulary 

and strengthen their awareness regarding such aspects of window design to support their 

argumentations in the following parts of the study.  

3. 'Solutions' phase: new images were shown to the participants to represent different methods 

that might have been used to solve some of the problems highlighted at the 'Different 

scenarios discussion' phase. This part, categorised as 'active', focused on observing the group's 

problem-solving techniques individually and collectively. The participants examined several 

methods in order to mediate the connection between the indoor and the outdoor 

environment in terms of visual contact, lightning, acoustics and thermal transmission, using 

the shapes of the opening, window's structure, and glaze treatments. As it is clear from the 

figures shown in the previous chapter, those methods were grouped depending on different 

shapes (Figure 3.3,j-k), overglaze printing (Figure 3.3,n-o), blurring (Figure 3.3,l), opaque 

(Figure 3.3,m),  blinding and brises solei systems (Figure 3.3,p), reflective or mirror glaze 

(Figure 3.3,q-s), and coloured filters (Figure 3.3,t-v). After observing these pictures, the 

participants spotted different perceptive key points and discussed each solution system's 

feasibility and effectiveness. 

4. 'Teamwork': a series of windows characteristics (Shape of the opening, Window inclusion or 

extrusion respectively to the wall, Frame thickness, Glaze opacity, Pane division) were 

presented to the participants through different systematic representations, with two, three 

or four options for each characteristic. They had to face a collaborative design stage [250,251], 

choosing a single option for every category step. The aim was to define a prototype of ideal 

window design through discussions and argumentations about their reasons, sometimes 

mediating their preferences and, in the end, finding compromises. The explicit formulation of 
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the questions asked to guide the participants in the discussion made them realise the 

importance of these two separate stages and helped them follow a clear structure of the 

debate. In this fifth and more active stage, the options within the categories that participants 

had to choose collectively were: 

1. Shape of the openings: rectangular - square - circular - polygon;  

2. Window inclusion or extrusion respectively to the wall: included - extruded; 

3. Frame thickness: minimal - thin - thick;               

4. Glaze opacity: transparent - slightly opaque - strongly opaque; 

5. Pane division: any - single - multiple. 

At the end of this exercise, the window design that resulted from their decisions was shown 

to make them understand the importance and the real effect of each characteristic's 

combination. These were not merely picking up or exclusion doing exercise but, after the 

previous information absorbing and brainstorming stage, it resulted as the expression in which 

all the window design awareness of the individuals and the group were condensed.   

5. As at the beginning of the study, in the final part, the participants were asked to express if 

their perception of negative and positive window's aspects was changed and if their 

awareness of window design strategies had been affected somehow by that study. The 

majority of the participants (70%) were positive about the experiment's influence on their 

self-awareness on window design relationship and gave their feedback in written form. 

Figure 3.2 shows the different parts of the study with their participants' engagement level (=P.E.L., 

active 'A' or passive 'P', which was the same for every participant in every phase), the purposes and 

the responsivity percentage of them (R%): 
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Figure 3.2 Chapter 3 study parts with relative participants' engagement level (=P.E.L., active 'A' or passive 'P'), the purposes, 

and the responsivity percentage of them (R%) 

 

3.2.2 Setting of the visual stimuli 

The methodology used for this study derives from the Focus Group method, where different 

typologies of users discuss together undergoing the same tasks in an informal environment, raising 

questions and problems regarding the specific themes proposed and supervised by a moderator. [252]  

The two core parts of Chapter 3 Participatory approach to draw ergonomic criteria for window 

design study were: (1) observing the participants' reactions to different scenarios and (2) 

understanding which strategies the participants would adopt to bring the indoor environment to an 

optimal setting. It was necessary to set a topic guide [233] to define key terminology better and help 
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the communication between the participants. The guide defined all the different stages of the study 

in terms of active and passive participant roles and organised visual stimuli (representing the a Priori 

Limited Knowledge [233]). It is important to stress again that all the participants experienced the same 

passive and active tasks simultaneously, without favouring any member of the group compared to 

others. 

The a Priori Limited Knowledge to guide the focus group in parts (1) and (2) was presented as visual 

stimuli. A number of 21 pictures of different indoor and outdoor scenarios, including the feature 

window, were used for this scope. The main aim of this visual stimuli was to give the participants 

information about the terminology and characteristics of specific window's parts, following design 

concept modules (such as indoor function, outdoor connection, and others that will be presented in 

Section 3.1.4 Categories Framework) and considering which aspects customers prefer to have a voice 

in. [253]  set a homogeneous basic knowledge to give all the participants the same possibility to discuss 

their ideas on window design. Moreover, by using a Priori Limited Knowledge, it was possible to 

achieve a structured and linked beginning of the discussion. With this method, all the categories are 

defined and connected following the researcher criteria. Of course, since the focus group is a method 

of open possibilities nature, the list of categories defined in the topic guide had to be updated and 

expanded due to participant interaction and autonomous collective constructions. A Priori Limited 

Knowledge was appropriate for setting Chapter 3 Participatory approach to draw ergonomic criteria 

for window design study; however, GT was introduced in the analysis part to define the window's 

qualification categories from the group discussion, added then to the topic guide for the sake of 

completeness.  

More than reaching consensus or decision, this mixed methodology aims to investigate issues within 

a priori limited knowledge. Since an individual's opinion related to issues can change during the 

discussion, it was fundamental for the researcher to focus on how the perspective changed and why 

it did. Thus, even if individually the shown figures were limited under many aspects (such as outdoor 

scenarios and different light conditions), they were chosen for their simplicity of input. The number of 

elements and number of dominant window design characteristics were contained, and all together, 

the pictures gave overall complete information about the window's components and scenarios. In 

Figure 3.3, all the pictures involved in the study are presented. They show different scenarios with a 

significant amount of characteristics that the participants could use for each different study stage. 

With these instruments, a fairer discussion was guaranteed especially when, during the teamwork 

phase (the one for constructing the ideal window design), the group managed to accomplish the task 

with less help as possible from the moderator. For this reason, this was evaluated as an effective mixed 

methodology.  
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Figure 3.3 Different Scenarios Discussion figures: offices (a, b, c), spare time contexts (d, e, f), home environments (g, h, i); 
and Different Solutions Discussion figures: different shapes (j, k), blurring systems (l), opaque systems (m), overglaze 

printing (n, o), blinding and brises solei systems (p), reflective or mirror glaze (q, r, s), coloured filters (t, u, v) 
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3.2.3 Participants 

In this project, the sampling is quite open since the study's aim includes all the different kinds of users 

of indoor spaces. As previously explained in Section 2.6.3 Setting the sample, it is necessary to set a 

sampling strategy since, as Macnaghten and Myers argue, ‘Whatever the dangers for the research of 

a rigid scheme of categorization of identities, it is useful in planning the groups, because it pushes 

researchers beyond the voices that are most familiar, most obvious, most articulate, or easiest to 

recruit’ [254]. Due to this principle, the recruitment for the focus groups experiment was done through 

the University of Sheffield students and staff and Sheffield's residents. More than in the sampling 

before the experiment, the most important action was taken after the participants' enrollment, 

ensuring that there was at least one architecture background individual in each group. This was set to 

give each group the possibility to have an “expert” voice to support the discussion and give deeper 

background hints. The study sample was set as optimal with 5/6 participants per group [186], and the 

number of focus groups was retained as enough once the data gathered were saturated [190].  

The whole group of participants included 27 individuals, of which 20 females and 7 males, with ages 

between 24 and 44 years old, hailing from Europe and North Africa (33%), Asia (45%), and America 

(22%). It is essential to highlight that the study focused on the different backgrounds that would have 

defined correspondent factors under contextual experience (demographical, space usage, and 

psychological). [255] Hence, window design investigation is still at a global environmental stage in 

terms of history/heritage, ethnicity, geography and economic situation.  

Moreover, to make the methodology as effective as possible, it was fundamental to have a moderator 

(the author) guiding the discussion without influencing it, checking and putting the discussion back on 

the main topic when the participants started to deviate from it. 

The following graphs (Figure 3.4a-d) show the participants' characteristics in terms of gender, age, and 

nationality. 
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Figure 3.4 Background of the participants: (a) gender, (b) age, and (c) nationality. 

 

3.2.4 Categories framework  

A categories framework was defined during the analysis part through a technique used frequently in 

the GT qualitative research method. The GT aims to explain the processes characterising the 

observations collected rather than merely describe the phenomenon. The theoretical saturation and 

full development of the categories elicited from participants' choices (which should account for 

minimum and maximum variability in the data) ensure the theory's validity and states the end of the 

data collection [241,249]. The study's completeness and rigour are more important than the number 

of focus groups or interviews conducted. The main influencing factor is represented by the presence 

and epistemological position of the researcher moderating the study. For these reasons, negative 

effects deriving from any personal bias were neutralised, and the only interference was related to 

strictly follow the topic guide in the specified amount of time. Moreover, due to the importance of 

including in the study each participants’ tone or behaviour within the group discussion, before the 

experiment was processed, a thorough study and practice on human coding behaviours in group 

discussion were performed during the project of Farley et al. [196] at the Information School of the 

University of Sheffield. Thus, the author experienced both academic training and practice from experts 

in the field. 

During the focus groups experiment, it was useful to observe for the transcript analysis stage which 

specific keywords were used at any point of the topic guide. Indeed, it can happen that beneath the 

overall discussion, some particular words got repeated by several participants, and so they become 

keywords. In this way, it was possible to group them into noticeable categories and observe how they 

were related to each other by the participants. Following Barbour theory [233], it was also important 

not to go through the transcript analysis stage too far from the actual focus groups and then read the 
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transcripts while listening to the original recording. This procedure allows the author to recall as much 

as possible of the discussion, especially noting any significant peaks and expressions of participants 

voices. 

The coding frame started from setting the a priori knowledge and was expanded during the analysis, 

incorporating GT themes introduced by the participants' discussions. So, from the set a priori 

knowledge, the first analysis categories were:  

a. Indoor function, when the participants reflected on a specific function of the indoor space; 

b. Outdoor Connection, when they focused on the importance of the various outdoor scenarios; 

c. Time amount of use, related to a particular long or short term activity influencing the 

evaluation of the window design; 

d. Frame shape;  

e. Inclusion or extrusion off the wall; 

f. Frame thickness;  

g. Glaze treatment, intended as any possible colour or filtering, mirroring or reflective, blurring 

or opaque, overglaze printed and screening variation; 

h. Panel division; 

i. Wideness of the opening;  

j. Blinding system;  

These categories had been defined to be applied to each relevant point raised from the topic guide. 

Moreover, during the analysis, the GT coding added new categories and the relative belonging to 

different context groups (or macro-categories), elicited from the open, axial, and selective coding 

(showed in the results section). 

At the end of the analysis stage, 25 categories and 5 macro categories were coded. Even if this is part 

of the analysis stage, it can be considered a fundamental achievement for its methodology. So it is 

included and fully explained in the results part. 

 

3.3 Results 

3.3.1 Categories' properties and dimension determined through Open 

Coding  

After the verbatim transcription of the focus groups' audio recording, the software NVivo Pro 11 for 

qualitative research was used to code the files. The researcher broke down the data into chunks, 



Gioia Fusaro - PhD Thesis 
 

106 
 

examining, comparing, conceptualising, and categorising the emergent concepts. The first phase, 

called open coding, consisted of analysing the text line by line, focusing on the mental constructs and 

the vocabulary related to them. Next, the objective and reflective sphere of their expressions was 

evaluated simultaneously to understand the participants' views on their relationship with window 

design and the possible improvement on the already known window system. A total number of 1239 

classification codes were used to determine the Window Design categories by properties and 

dimensions qualitatively. In Table 3.1, an example of open coding workflow is showed. In some cases, 

the chunks of statements could be coded in two separate parts, and different categories would have 

been derived. 

Table 3.1 Example of open coding workflow with relative processing parts: Statement, Chunks, Codes, Categories, 

Dimensions. 

Statement Chunks Codes 
Categories: 
properties 

Dimensions 

They have different functions: the 
one on the right (Figure 3.3,o) 

needs to be fully private because 
there is some medical stuff 

happening and the one on the left 
(Figure 3,n) it just gives you 

enough privacy so people can see 
what you are doing but not clearly. 

They have different functions: functions 
Indoor 
Functions 

range 

the one on the right (Figure 
3.3,o) needs to be fully private 
because there is some medical 
stuff happening  

privacy 
Degree of 
privacy 

high 

medical use 
Indoor 
Functions 

defined 

and the one on the left (Figure 
3.3,n) it just gives you enough 
privacy 

privacy 
Degree of 
privacy 

sufficient 

so people can see what you are 
doing but not clearly. 

outdoor 
relationship 

Outdoor 
Connection 

possible 
neglectable 

Effectiveness small 

I think the bottom one (Figure 
3.3,f) is the only one we choose so 

we can have some control on it. 
We can open it for some 

ventilation.  

I think the bottom one (Figure 
3.3,f) is the only one we choose 
so we can have some control 
on it.  

control Manageability good 

We can open it for some 
ventilation.  

control Manageability good 

outdoor 
relationship 

Outdoor 
Connection 

possible 

Maybe in my country for example 
this type of window would work, 
in contrast with the UK, because 
the thermal comfort is important 

as the privacy. So we need this 
type of design (Figure 3.3,k)." 

Maybe in my country for 
example this type of window 
would work, 

functionality 
Life 
Experience 
Connection 

direct 

 in contrast with the UK, comparison 
Life 
Experience 
Connection 

direct 

because the thermal comfort is 
important as the privacy.  

comfort 
Amount of 
Lighting 

good 
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privacy 
Degree of 
Privacy 

high 

So we need this type of design 
(Figure 3.3,k). 

usefulness Frame Shape necessary 

 

The additional categories and the determination criteria were: 

a. Floor level; 

b. Degree of Privacy, observing how much a specific characteristic of the window design 

changed the perception of being observed or not from the outside and how comfortable or 

uncomfortable this made the participants feel about; 

c. Costs, considering participants concerns on the window maintenance and effort; 

d. Effectiveness, meaning how significantly supportive was the window design towards the 

ideal indoor comfort condition; 

e. Life Experience Connection, coded when the participants related a specific window 

characteristic to a direct/indirect experienced or known/studied condition; 

f. Manageability, when the participants expressed a particular comment related to the 

window design control; 

g. Amount of lighting; 

h. Comfort; 

i. Safety, coded when the participants related a part of the window design or a qualitative 

configuration as creating a safe environment or not; 

j. Anxiety, considering the relation of some windows characteristics to stressing situations; 

k. Ventilation; 

l. Design; 

m. Listening, elicited when participants expressed the specific will to have a connection with 

the outdoor environment in a sonic way; 

n. View; 

o. Architecture. 

 

3.3.2 Categories connection through Axial Coding 

After the preliminary coding, closer attention was paid to those categories which were recurring 

during the text. With an increased organisation level, the categories were studied and divided 

depending on their dimensions and properties. As Glaser et al. [256] indicate, to be efficient, the 

analysis had to be done "around one category at a time in terms of the paradigm items". In the axial 
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coding, this category becomes the reference axis concerning which other categories building is 

performed. Figure 3.5 shows a schematic of the axial coding, explaining the connections between the 

25 elicited categories. The size of the name font represents the importance of each category in terms 

of spoken iterations number.  

 

Figure 3.5 Schematic of axial coding phase with the macro-level categories connection 

 

3.3.3 Definition of Value Attribution of Ergonomic Window Design 

from the users' perspective with Selective Coding 

The participants perceived the window design, whose aspects are positive or negative for their 

judgmental system, and how they would like to be entitled to modify what is not optimal. The topic 

guide and the visual stimuli were found very useful in this stage. Indeed, the categories already 

identified helped the participants to support their discussions. From the topic guide structure, they 

managed to explore new categories elaborated autonomously by the groups. After the axial coding 

defined the connections between the elicited categories and their relevance in the focus groups 

discussions, selective coding was applied.  

The selective coding individuated and connected themes relevant to the central phenomenon's 

description (in this case, represented by the value of ergonomic window design from the users' 

perspective). This is identified as the core category of the theory and can be connected with all the 

other ones. The 25 categories were assigned to five macro-categories (see Table 3.2): Affective Impact, 
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Contextualisation, Filtering Outdoor Stimuli, Manageability, and Architectural Inclusion.  Figure 3.6 

represents how the macro-categories are related to each other and which principles the users 

followed to establish the core category: Value of Window Design. This was defined by the participants 

through the formulation of relationships between macro-categories which highlighted 1) Importance 

of the Outdoor Connection to feel oriented, 2) Filtering the information from the outdoor without 

changing the meaning of it, and 3) Controlling the window system behaviours within physical 

boundaries. These three principles have been found at the base of all the focus groups discussions of 

the study, and they are fundamental for the Value of Window Design from the participants' 

perspective. Researchers and designers could use them when investigating window design 

optimisation or improving the engineering product proposal towards window purchasers or selectors 

in the market. 

Table 3.2 Categories and Macro Categories from the codes that describe qualitatively the Window Design 

ERGONOMIC WINDOW DESIGN 

AFFECTIVE 

IMPACT 
CONTEXTUALISATION 

FILTERING 

OUTDOOR 

STIMULI  

MANAGEABILITY 
ARCHITECTURAL 

INCLUSION  

Outdoor Connection Glaze treatment Manageability  Frame Shape 

 Degree of 

Privacy 
 Indoor function Amount of lighting Effectiveness Design 

Life Experience 

Connection 
View 

Wideness of the 

opening 

Time amount of 

use 

Inclusion or 

extrusion off the 

wall 

Safety Blinding system Costs Frame thickness 

Anxiety Architecture Panel division Ventilation  

Comfort Listening  Floor level  
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Figure 3.6 The attribution of value to Ergonomic Window Design built by the relationships between macro-categories and 

their three fundamental principles. 

 

3.4 Discussion 

The importance of the relationship between particular macro-categories and the three fundamental 

principles that drive them towards the Value of Ergonomic Window Design (from the participants' 

perspective) is further discussed in this section with the available Industrial Ergonomics literature 

[40,41,205,229,257–259]. The importance of the relationships between the elicited macro-categories 

is underlined once more to highlight the significant impact of the principles they follow within the 

whole focus group experiment. The workflow coding supports this discussion (see Table 3.2 and Figure 

3.6) and examples of focus groups excerpts (presented in Table 3.3-7) expressing the degree of 

interest and the emphasis used by participants to support and argue their ideas.  

 

3.4.1 AFFECTIVE IMPACT and CONTEXTUALISATION: Importance of 

the Outdoor Connection to feel oriented 

From Figure 3.5 and Figure 3.6, it is possible to observe how the participants need contact with the 

outdoor; nevertheless, the outdoor conditions could be non-optimal for indoor comfort. Frequently, 
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such affective impacts and user's satisfaction over a specific design have been studied by researchers 

to develop a method to integrate the modelling attractiveness factors of productions based on user 

psychological needs (Singh and Tandon [41], as well as Wang and Zhou [205] for example). The first 

researchers established a list of values for the evaluation model, including 'emotional values' such as 

Inspiration, Joy, Belongings, Care, Concern, Fun, Culture, Ease. A series of categories and their 

properties that reflect those emotional values have been coded within our study. Through them, the 

'Affective Impact and the Contextualisation' principle was determined. The second researchers 

presented interval hesitation time value as a key factor for users' satisfaction when investigating and 

developing a product design system. Unlike Wang and Zhou, in the presented PhD study, a series of 

auto determining factors such as those described within the categories and macro-categories (see 

Table 3.2) were considered to attribute value to the window design by the users themselves in a 

collaborative, constructive environment. A focus group approach is indeed at the base of a method 

that can serve researchers or designers to reach a more comprehensive analysis related to an 

architectural feature or product such as a window. A series of excerpts from participants' discussions 

now follow to highlight how the auto determining collaborative approach adds meaning to the 

principle of being affectively impacted by a window design and the importance of the outdoor 

connection to feel oriented.  

Table 3.3 Statements from the Focus Groups Discussion to support the Discussion on the first principle: AFFECTIVE IMPACT 
and CONTEXTUALISATION 

Statements from the Focus Groups Discussions 

a 
"Even the view in front of me in Figure 3.3,c gives me some kind of privacy because it is like a private garden, but I'm 
just wondering if it was a street or if I can be seen from the outside, maybe is not going to be comfortable. However, 
being open to that view and being in contact with that relationship it will help me overcome the boring times.". 

b 
"Even if it is not a view that works. It helps me get oriented, and a part from the fact that such a light makes you feel 
tired, it's also the moment you want to look at the window and you can't, you won't think it at that time, but it's 
another factor that don't let go your mind and relax for maybe some moments…" 

c 
"I think very big advantage to have a window is to feel the outdoor so you can feel relaxed, and having this very 
narrow window it makes you feel the opposite, so you feel trapped in a place.". 

d : "because you know, windows are there to create a connection with life for me, this is how I feel in my home."; 

e 

"Honestly it is such a pleasure as it has the playful aspect, and I remember one man was just saying hello to people 
that were coming by. Moreover, you know looking at that playful childless aspect, and how they are using the 
windows like some kind of Connection rather than sitting on a plastic chair or the step at the porch, he is just at the 
window, not very high, but he looks relaxed and comfortable. So it is quite nice even though it was not designed for 
that.". 

 

From Different scenarios, discussion participants highlighted concepts like the statement in Table 3.1.a. 

The Importance of the Outdoor Connection to feel oriented has been defined by the participants also 

mediating the Outdoor Connection category with the Degree of privacy, View, Comfort, and some time 
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with Wideness of the opening. This principle applied to window design helps users feel orientated and 

more aware of the outdoor situation in real-time, visible from the excerpts in Table 3.3.b,c. Overall, it 

is clear that the users need to connect with the surrounding outdoor environment even if sometimes 

this would not maximise the comfort. They sporadically expressed this need, for example, in the 

Teamwork phase, by choosing one large panel completely transparent. This highlights the design 

Effectiveness and Manageability of the Outdoor Connection on the user's Comfort even through a Life 

Experience Connection, as is visible from the statements in Table 3.3.d,e. 

Overall the principle of the Importance of the Outdoor Connection to feel oriented establishes a first 

guideline to the Value Attribution of ergonomic window design from users' perspective. Furthermore, 

it demonstrates that the first approach of participants towards this architectural feature concerns 

their subjective impressions of the indoor and outdoor context. From this point, in combination with 

the following principles, it is possible to define an accurate Value Attribution of the window design.  

 

3.4.2 FILTERING OUTDOOR STIMULI and CONTEXTUALISATION: 

Filtering the information without changing the meaning 

The window system represents a feature of connection between the outdoor and indoor physical 

conditions. The study's results seem to acquire even more functional value when associated with 

various glaze treatments such as those presented in this research to the participants (see Section 3.2.1 

Procedure and questions asked). During the outlining stage of this value's attribution, different 

window characteristics' compatibility to slightly alter the outdoor stimuli was considered following a 

scaled approach for manufacturing and customising the product in the focus groups experiment: the 

window. Recently, Realyvásquez-Vargas et al. [257] provided a model to measure macroergonomic 

compatibility of macroergonomic elements, factors, and work systems. Their research underlined that 

compatibility relies on the product ability to adapt its capabilities, limitations, and needs of another 

object to perform a specific function. Realyvásquez-Vargas et al. applied then this concept to a 

macroergonomic sphere, consisting of a perception based measurement of different macroergonomic 

practices. In our experiment, such an approach is transferred to users perceived compatibility of 

windows to adapt to human needs through a series of integrated design criteria such as light filters, 

glass colours, opaque glass treatment, indoor function, degree of privacy requirements, and outdoor 

connection. On the other hand, researchers such as Shankar et al. [254] discussed the importance of 

non-functional requirements (NFR) over functional ones, demonstrating that NFRs drive the most 

design decision-making process and constrain how the product functionality is realised. In their study, 



Gioia Fusaro - PhD Thesis 
 

113 
 

functionality is approached from an environmental and stimuli point of view, and the product function 

is described by its action with or without external stimuli while it is being used. In our experiment, we 

confirm Shankar et al. theory, and we also highlight NFRs as leading characteristics in users' discussion 

about the optimal window design to pursue the same functionality highly affected by the outdoor 

stimuli that Shankar et al. were discussing; however, this study also highlights how the window 

functionality should adapt to the outdoor stimuli from the users' perspective. As in the previous 

section, a series of excerpts from participants' dialogue are reported to support the second principle 

discussion. 

Table 3.4 Statements from the Focus Groups Discussion to support the Discussion on the first principle: FILTERING 
OUTDOOR STIMULI and CONTEXTUALISATION 

Statements from the Focus Groups Discussions 

a 
"..there are certain filters of which the colours are very tented, and you can't really feel what colour is it, but it will 
only compromise the amount of light getting inside, and this is one of the genius things of technology that works to 
compromise the light getting inside without compromising your emotions and affecting your positivity inside."; 

b 
"Cause even if you think that opaque part was a wall (Figure 3.3,o), you would have felt less connected if the window 
was only on the upper. So I think the size of the translucency is actually still connecting the outside with the inside. 
Cause you can feel the atmosphere. You are aware of what's happening outside.". 

c 
"I think that if the filter is not too extreme it can really make you understand the light from the outside is different, 
so it could be a good solution but it's necessary to make a study of what filter is best depending on each specific 
condition. However, once that you have established it's going to improve the environment, so I will use them.";  

d 

"Or maybe it could be, like for me changes if it's an office or if it's my house. Like an office, I don't care if they have 
red, blue, or whatever (glasses) because I'll go back home after. But if it's in my house, I think it will bother me to 
see like blue like the third picture (Figure 3.3,v) windows all around my house, and I would see blue everywhere that 
would bother me after a while.". 

e "We use this in our country, reflective glass, to maintain privacy. But it doesn't work after dark."; 

f 
"We need this especially in summer in UK (Figure 3.3,t-v). The sun raises till ten o'clock, I need my children to go to 
bed. (general laughing) Because they feel it's still early and they don't want to go to sleep. Their biological clock is 
type of that."; 

g 

"Yeah also, there's probably glass glow or something. And then that's typical top right (Figure 3.3,e) of a store or like 
you know where you want people seeing but not completely. So like maybe as at the hair dressers, nobody wants to 
be seen whilst their hair is being cut, but also they want some light to be able to work. So let's say it's for privacy, 
it's very commercial, it's not very necessarily pleasant, but probably necessary." 

h 
"I think it's applicable in clinics or in places where you need extreme privacy but still need some connection. It's 
better than a wall, that's sure. I mean imagine to have a wall and have this top window, it will make me feel really 
claustrophobic.". 

 

According to the users' point of view, the filtering effect should be as natural as possible, as they want 

to achieve an Outdoor Connection while allowing an ideal indoor condition related to the function. 

Specifically for the View contribution and the Amount of lighting, this is supported by excerpts like the 

ones in Table 3.4.a,b. Furthermore, during the discussions, the participants highlighted the 
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effectiveness of filtering the outdoor environmental conditions accordingly with the Indoor Function 

as the passages in Table 3.4.c,d attest.  

Emphasised connection of Filtering Outdoor Stimuli categories with the Indoor function and 

participants' Life Experience Connection occurs, also considering the consequent Degree of privacy. 

From the participants' point of view, the window has to be organic and adaptable to human needs 

after those specific outside stimuli and indoor environments have been established. This 

demonstrates that the user's first approach with window design is through Outdoor Connection and 

Affective Impact research, followed by a necessity of adaptation of the outside stimuli. Consequently, 

this principle turns to be also connecting with the Affective Impact macro category, as is visible from 

excerpts in Table 3.4.e-h. The excerpts also demonstrate a significant connection between the 

categories of View, Listening, Comfort, Outdoor Connection and Glaze treatment.  

The second principle (Filtering the information without changing the meaning) introduces an 

additional value to window design when, in the case of non-optimal outdoor conditions, the 

connection with the outdoor is not neglected but adapted. It is essential to stress further that the 

previous principle is related to the connection, while this establishes how this connection should be 

supported according to the users' perspective.  

 

3.4.3 MANAGEABILITY and ARCHITECTONICAL INCLUSION: Controlling 

the window system behaviours within physical boundaries 

From the previously explained principles, the participants' need to define which degree of connection 

with the outside they want to have according to several outdoor and indoor conditions is clear. This 

final principle determines users' need to control the window system to finalise the previous principles' 

application. In recent years, researchers within the Industrial Ergonomics field have systematically 

increased their focus on participatory ergonomics processes based on the manageability of a product 

[40,229,258]. Naweed et al., for example, included in their study a console to control environmental 

conditions such as lighting [229]. A virtual management practice was highlighted as fundamental to 

identifying a proposed case study's design limitations and then optimising it through the user-based 

control system. Following the same approach, in each focus group's final stage, the participants were 

presented with several before-after real case studies of indoor architectural design, including windows. 

After having evaluated the 'before' examples, they were enabled to decide how to modify them 

through a series of design options offered by a virtual system built by the authors (see Section 3.2.1 

Procedure and questions asked at 4. Teamwork part). So through this immediate simulator, they were 
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able to talk about the different options and then choose as a group the one they felt more comfortable 

with, according to how they wanted to manage the presented 'before' real case study. This method 

using participatory ergonomics and transdisciplinarity gave a unique perspective of the group 

underpinning simulated window design by substantive values and qualities, which sometimes 

naturally lead to a collective function. On the investigation of the maintenance evaluation method, 

also Zhou et al. presented valuable solutions [258]. They specifically focused on describing the effects 

of ergonomics in product design, formulated evaluation criteria based on ergonomic requirements, 

and evaluated applications of such criteria on real design maintenance cases. Finally, in the literature 

available, Pereira Pessôa and Jauregui Becker adopted an approach that is the most similar to ours 

[40]. Their findings presented the 'System lifecycle management' as one factor that directly impacts 

the design-engineering process of products. They also underline that Product Lifecycle Management 

Systems solutions should be dynamically adaptable and reflect the constantly changing working 

environment and organisation according to human needs. In our experiment, the same approach is 

highlighted from the focus groups discussions, where participants clearly expressed the need to be in 

charge of managing different window functional configurations to adapt the outdoor conditions to 

indoor comfort. A series of excerpts from participants' discussions now follow to support the 

discussion on the third principle. 

Table 3.5 Statements from the Focus Groups Discussion to support the Discussion on the first principle: MANAGEABILITY 
and ARCHITECTONICAL INCLUSION 

Statements from the Focus Groups Discussions 

a 
"But sometimes I open the windows to hear the street, I prefer that otherwise you are locked inside. So sometimes, 
just hearing the street, and if it is a pleasurable street, of course, it depends on the amount of noise in the outside. 
However, if it is set in a nice local street, I would rather open it. So you get some sense of the street.". 

b 
"For me, they are just different materials of the façade, and if you consider it as a window, you have to open it. 
Otherwise, I do not think it is a window." 

c 
"I think the bottom one (Figure 3.3,f) is the only one we choose so we can have some control over it. We can open 
it for some ventilation." 

 

Users often associate the Manageability macro-category with the Architectural Inclusion one (through 

Frame shape, Design, Inclusion or extrusion off the wall, and Frame thickness categories connections). 

However, they also have associated Manageability and Architectural Inclusion macro-categories with 

Affective Impact, Contextualisation, and Filtering Outdoor Stimuli (through categories connections 

with Outdoor Connection, Anxiety, Listening, Glaze treatment, and Panel division). This means that the 

third principle is applied within the previous two principles decision-making process about the Value 

Attribution of ergonomic window design from the users' perspective. 
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The importance of the window control is supported by excerpts like the one in Table 3.5.a. 

Alternatively, statements like Table 3.5.b show the crucial role of window settings' manageability to 

maximise or minimise the outdoor connection.  

On the other side, high interest was expressed in visualising the window system functionality as part 

of a higher architectonical composition where this is placed. In particular, they commonly relate 

categories like the Ventilation with Frame shape, Design, Frame thickness and Inclusion or Extrusion 

off the wall. According to the participants, the connection between these categories identifies the 

window as a functional part of the building. It also defines the opening of its external boundaries 

towards the outdoor context (see Table 3.5.c). This third principle draws the final relationships 

between the macro-categories and the Value Attribution of Ergonomic Window Design from the users' 

perspective. 

 

3.4.4 Implications of the three Principles for research and practice  

The three principles discussed in the previous sections can establish essential guidelines for both 

researchers in the Architectural or Building Engineering field as well as designers and professionals 

who work on the window design optimisation process. For the researcher in these fields, it is 

fundamental to consider the importance of users' control over the window system due to various 

outdoor and indoor contexts and different degrees of connection. In this part of the PhD study, a 

correlation between the expression of increasing people's comfort and their awareness of being in 

charge of actuating window-related mechanisms (such as natural ventilation and natural lighting) has 

been demonstrated. Further study could consider, for example, specific cultural or geographical 

scenarios or conditions and develop window design studies focusing on specific macro-categories. For 

the designer or professional in window's innovation and production, these principles could be an 

efficient tool to improve the product's appeal in the Engineering or Architectural market. This study 

demonstrates that people feel more comfortable when they are in control of the window's functions, 

specifically if the technologies allow them to use more natural sources and limit the artificial ones 

saving energy and money and increasing their well-being. Nowadays, product sustainability is one of 

the most competitive fields in building engineering and architectural innovation. [260] The principles 

derived from this part of the PhD study could be used to improve the window design and production 

not just from an ergonomic point of view but also an energy efficiency perspective towards a more 

sustainable building system. 
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3.5 Conclusions 

In this PhD study section, a new approach for window design methodology was investigated involving 

a participatory approach. The main aim was to understand the principles that define the value 

attribution of ergonomic window design from the users' perspective. Focus group and Grounded 

Theory methods have been used to study and code participants' discussions by the degree of interest 

in the selected visual stimuli and the employment of specific window design technologies to modify 

the window's settings and adapt outdoor inputs to indoor comfort. 

The results framework has been established through the relevance of the relationship between the 

25 categories, grouped into 5 main macro-categories. The macro-categories relationships were then 

used to describe the principles that drive the value attribution of ergonomic window design from the 

users' perspective. The three principles defined were: 1) Importance of the Outdoor Connection to 

feel oriented, 2) Filtering the information without changing the meaning, and 3) Controlling the 

window system behaviours within physical boundaries. 

It was highlighted that participants perceive the window as an essential mediating instrument 

between the indoor and the outdoor of a building. Through this feature, they feel connected to the 

outdoor environment. Despite the non-optimal conditions (such as noise pollution, impulsive or 

disruptive sounds, neighbours chatting or kids playing too loud) through the window, they feel 

oriented which makes them perceive affectively the indoor environment. In the second place, 

participants expressed a relevant interest in the glaze treatments or window technology to be able to 

mediate outdoor physical inputs (such as thermal mitigation, lighting adaptation, and noise reduction). 

According to them, the application of such technology must follow specific principles to keep the 

perception of the outdoor as authentic as possible. Finally, the participants wanted to be involved 

actively in window management according to their specific needs based on the relative 

contextualisation.  

This chapter aims to draw a new methodology for window design, which considers users' preferred 

aspects and combines them with specific window's technologies. As a result, the methodology could 

be used by Engineering and Architecture researchers to investigate the optimal building feature design 

ergonomically according to the users' perspective. Moreover, the final categories could be applied to 

study real scenarios and help other researchers better investigate some of the categories or support 

designers or window's companies to develop a more refined proposal for a specific window's 

application. Finally, the three main principles related to window design requirements from the users' 

perspective outlined in this study could be used as a guideline for optimised ergonomic window design 

for both building engineering and architectural research or professional application. Through the use 



Gioia Fusaro - PhD Thesis 
 

118 
 

of these principles, there could be a significant improvement in terms of window innovations. It could 

be possible, for example, to draw a windows design prototype depending individually on the macro-

categories and categories (as highlighted from the analysis stage) defining specific optimal window 

requirements. The window design would become, then, not only the mediator between the outside 

inputs and the indoor comfort, but it could even modulate the first one to optimise the second. 

In the next chapter, the investigation on a set of acoustic metamaterials will establish which is the 

optimal type to be applied in window design for natural ventilation and noise reduction 

simultaneously. 
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4. AMM for natural ventilation 

window  
Users have set the window design criteria through the focus groups study (RQ#1). Another 

fundamental paradigm of this project must be investigated: acoustic metamaterials for natural 

ventilation and noise reduction. The contents included in this chapter have been published in the 

Proceedings of the 10th International Conference on Computational Methods (ICCM – Singapore 2019) 

[261] and the 23rd International Conference of Acoustics (ICA – Aachen 2019)  [262], and in the peer-

reviewed journal Applied Acoustics by the name of “Development of metacage for noise control and 

natural ventilation in a window system” (2020)[263].  

Ventilation window is one of the critical elements in sustainable building development, although 

outdoor factors such as environmental noise can frequently limit their use. Therefore, it is necessary 

to develop windows with both natural ventilation and noise mitigation functions. To improve window 

performances in reducing the noise and allowing for air exchange, most current approaches  

(Explained in Section Sound insulation and 2.1.4      Air insulation) focus on techniques such as double 

glazed and ducted designs, generally leading to bulky designs, visually non-optimised, and with 

narrow-banded frequency. These limitations to traditional double glazing and duct designs have been 

so far addressed by the development of window systems based on the local resonant stopband of 

acoustic metamaterial (AMM) to achieve dual functions of noise reduction and natural ventilation. 

AMMs set indeed a new trend in solving physical challenges related to sound wave control, which can 

find their applications in the ventilation window.  

 

4.1 Acoustic Metamaterials Broad Investigation 

4.1.1 Background 

Conventional acoustic techniques control sound wave propagation for a limited range of frequencies 

due to the device shape and bulky configuration [8,54]. Metamaterials can be versatile thanks to their 

advantages in acoustic properties related to their physical size [59,84]. Two specific kinds of 

metamaterials are particularly of interest from their geometrical deployability perspective: origami 

and bistable auxetic metamaterials. The first metamaterial changes the spatial and the acoustic range 

of efficacy while assuming different folding physical sizes. The second metamaterial has the capacity 
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of keeping a permanent, consistent volume, which may allow openings thanks to their well-known 

negative Poisson’s ratio [37,264]. Recent studies have associated such techniques with acoustic 

performances for mechanical devices improvement [158,265]. However, contemporary research is 

still seeking a significant impact on the combination of noise reduction and natural ventilation, in 

addition to architectonical sustainable solutions [84]. 

This section presents a novel acoustic design approach based on two acoustic metamaterials, enabling 

natural air ventilation while significantly reducing noise transmission. The two mechanisms (origami 

and auxetic) are applied to already tested acoustic structures to increase the dynamicity in noise 

reduction and ventilation capacity [84]. A metacage will be implemented by an origami system, while 

a metasurface will be implemented with an auxetic mechanism. These designs allow expansion and 

compression of the geometries, surrounding (Design 1 in Figure 4.1) or facing (Design 2 in Figure 4.2) 

a sound source. FEM simulations are performed with a frequency range between 100 and 5000 Hz to 

test the designs' effectiveness. In the first case, two extreme configurations are tested (unfolded and 

folded configuration). The possibility of using a transparent material to realise both the models give 

hints for also achieving natural lightning. 

 

4.1.2 Methodology 

4.1.2.1 Geometrical Settings 

FEM simulation is employed to investigate the acoustic characteristics of both models. The boundary 

conditions and simulation set-ups are detailed in this section. Two design models are proposed to 

enable noise reduction and natural ventilation between two separate spaces. For the origami 

metamaterial (Design 1), the acoustic performance is tested with a monopole sound source inside the 

mechanism, aiming to screen the radiation towards outer space. In the bistable metasurfaces (Design 

2), the acoustic mechanism works with a surface sound source facing the structure, reducing noise 

propagation towards the space behind it. In both cases, the sound wave and the air are meant to pass 

through a duct characterised by a number of connected cavities. This mechanism properly customised 

through a parametric study, is supposed to create a resonance effect and significantly influence the 

sound wave propagation and the TL within in the most sensitive frequency range for human’s hearing 

system (50-5k Hz) [266]. 

The geometry in Design 1 is mainly composed of a deployable system that can achieve two 

configurations: unfolded and folded (respectively Figure 4.1.a and Figure 4.1.b). Indeed, the origami 

structure allows the valley and mountain folds to go from a circular shape of 0.256 m diameter to an 



Gioia Fusaro - PhD Thesis 
 

121 
 

eight-point star shape (with 0.025 m length of each point’s side). Internally, each point is characterised 

by an opening of 0.052 m each long (52% of perforation ratio of the entire boundary structure) and 

two cavities with 0.008 m depth created by three layers built starting from the perimeter surface of 

the metacage. These layers are modelled to leave at the centre of the point a resulting duct width of 

0.008 m, allowing the air and acoustic wave to flow freely. Since in the unfolding, the main resonant 

structures (with the embedded cavities) are considered rigid, when the system moves to assume the 

unfolded configuration, they have a direction perpendicular to the centre with an angular difference 

of +30° (see Figure 4.1).  

 

Figure 4.1 Geometrical configurations of Design 1 unfolded (a) and folded (b) and boundary conditions: central point source, 
interior sound hard boundaries (blue), and cylindrical free wave radiation (dashed line). 

Design 2 is an auxetic metasurface generated from the coupling of two layers, each made by the 

repetition and connection of 4x4 basic squared units (each 0.01 m2 wide and 0.02 m thick).  Figure 4.2 

shows how this unit is repeated and connected with the others through hinges applied on each one's 

four edges. In this case, the apertures through which air and soundwave pass have been reproduced 

by a statical hinge rotation effect on the perpendicular direction of the air and soundwave of 5° and 

10° compared to the closed configuration (see Figure 4.2.c). This mechanism is used to study the 

relationship between the metasurfaces opening and its noise reduction potential. Moreover, the 

single resonant units (each rotating perforated cube) follow a displacement which globally can be 

identified with a negative Poisson’s ratio material. When a stretching force is applied in one direction, 

the metasurfaces expand perpendicularly to the force application, and this is why the structure can 

be defined as auxetic. So, apertures are generated between the units thanks to global negative 

Poisson’s ratio displacements of the metasurface structure, allowing the air and sound waves to 

propagate through them. Each opening has a 50% of perimeter surface removed, so, as in the previous 

case, a certain number of cavities face each opening, working as resonators (see Figure 4.2.c). The 

apertures which result from the negative Poisson’s ratio effect (see Figure 4.2.a-c) leads to an opening 

ratio of 30% for the 10° configuration (see Figure 4.2.a) and 15% for the 5° one (see Figure 4.2.b). 

a) b) 
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Design 2 is characterised by two layers (four cavities facing the aperture, two per two of the blocks 

composing it). At the end of this section, further investigation of Design 1 and 2 will be explained, 

involving the relationship between TL and the models' thickness. For Design 1, two bigger models will 

be analysed, having respectively 0.4 and 0.8 m diameters in the folded configuration (the original one 

is 0.2 m). At the same time, Design 2 thickness effectiveness in terms of TL will be investigated by 

comparing the 2-layer basic configuration with a 4-layer or 8-layer one (having a total metasurface 

thickness of respectively 0.08 or 0.16 m). 

 

Figure 4.2 Geometrical configurations of Design 2, frontal view of a) 10° configuration and b) 5° configuration. c) Schematic 
of interior sound hard boundaries, highlighted in blue. 

 

4.1.2.2 Boundary Conditions and Study Settings 

The Acoustics module of a commercial FEM software, Comsol Multiphysics, is used to implement the 

numerical model. This software was chosen for its simplicity in managing differential equations related 

a) b) 

c) 
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to different geometry components and boundary conditions. Moreover, the multi-physical study 

capacity can be very useful and straightforward. For Design 1, a monopole point source is placed at 

the centre of the origami metacage with a volume flow rate is 0.01 m2/s. At the outer boundary, 

cylindrical wave radiation is defined to simulate free outgoing waves without reflection. The 

simulation domain is filled with air, where air density and sound speed at room temperature are used. 

The metacage and material cells' walls are set as interior sound hard boundaries, as depicted in Figure 

4.1. Sound transmission through walls of the metacage and possible viscous-thermal effect in the 

narrow resonator channels are neglected in this study, in order to approximate the worst resonating 

possible condition. Moreover, a numerical viscous-thermal acoustic model resulted too 

computationally expensive for the preliminary parametric study held in this phase. In Design 2, a plane 

wave radiation is applied to one of the ends of the 3D boundary volume (incident pressure = 1 Pa). 

This is a parallelepiped centred with the analysed geometry, having a length of 1 m (x-axis) and a width 

and depth of 0.38 each (y and z-axis).  The opposite end of the boundary volume is characterised by 

air impedance. For both Design 1 and 2, the two displaced configurations were reproduced statically 

to focus the use of FEM only for the acoustic problem. 

For Design 1, the TL is calculated mathematically within the simulation software, from the averaged 

SPL at the outlet boundary (dashed line in Figure 4.1) and the monopole source SPL (=130 dB), to 

compare the acoustic response in the unfolded and folded state. In Design 2, TL is calculated by the 

reduction of sound power through the metamaterial interface (in decibel). An increase in the TL curve 

will thus indicate less efficient sound transmission because sound energy is more confined in the two 

systems (Design 1 and 2). The mesh size is determined according to the FEM criterion, where at least 

six nodes are used to simulate a wavelength in air. The dimensions and the complexity of the 

geometric problems have defined two different frequency ranges of application. So for Design 1, to 

reach 5000 Hz, the maximum allowed element size is thus 343/6/5000=0.0114 m. Indeed, the study is 

a frequency domain analysis from 100 Hz to 5000 Hz with a step size of 10 Hz. The meshes 

characterisation of Design 2 instead has a maximum allowed element size of 343/6/3000=0.0114 m. 

Although this model results very complex and, since the convergence of results is proved, 

simplification is needed. So the maximum allowed element size is increased at 343/6/2000=0.0285 m. 

The study has a frequency domain that goes from 100 Hz to 3000 Hz with a step size of 10 Hz. In the 

results, the TL and SPL distribution are shown linearly and superficially within the simulation 

frequencies. 
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4.1.2.3 Parametric studies 

The acoustic effectiveness of different metamaterials is tested through a parametric study in both 

models. Following the principle of resonant cavities used in quarter wavelength resonator [267] and 

acoustic black hole theory [268], 2D parameters such as ‘cavities thickness’ and ‘duct width’ have been 

investigated. These parameters have been studied throughout a number of configurations ranging 

between 0.006 configurations for the first one (a= 0.006-0.008-0.010 m) and three for the second one 

(b= 0.006-0.008-0.010 m). In Design 1 each side has two cavities positioned towards the centre (upper 

section and lower section), delimited by layers that start from the sides and extend towards the middle 

of it for respectively 0.008 m, 0.012 m, and 0.016 m, and cavities width as 0.08 m (see Figure 4.3). In 

Design 2, the parametrization is performed with straight sides and geometry defined by cavities width 

and layers length. In this case, the layers’ length is set the same for all, respectively 0.04 m, 0.06 m, 

and 0.08 m, and cavities width as 0.01 m, 0.02 m, and 0.03 m (see Figure 4.3). The parameterisation 

is set to see if there are any significant correlations between the cavities or the duct’s width and the 

consecutive TL behaviour. 

 

Figure 4.3 Schematic and dimensions of the metamaterial unit formed in the folded state for a) Design 1 and b) Design 2. 

 

4.1.3 Results of the Origami Metacage analysis (Design 1) 

4.1.3.1 Numerical Results of Origami metacage  

Figure 4.4 first shows the simulation results of Design 1 in the folded and unfolded state. The TL is 

between 8 dB and 30 dB, where some variations can be observed due to the circular enclosure's 

resonance. From the TL graph (Figure 4.4.a), both the unfolded and folded configuration effects are 

analysed. For the folded one, the TL performance is significant at low frequencies (average of 20 dB 

a) b) 
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of TL), while at medium frequency, it loses efficacy, and from 2500 Hz to go on, an increasing sinusoidal 

behaviour starts, with a TL average of 18 dB and a TL peak of 22 dB at 3900 Hz. Figure 4.4.b and Figure 

4.4.c highlight the confinement effect of the SPL at the different TL peak frequencies for both unfolded 

and folded configurations. Both graphs show how the unfolded state has a slightly higher acoustic 

impact on the sound wave confinement.            

 

Figure 4.4 a) Schematic of the Origami Metacage’s TL (unfolded and folded configuration), and SPL distribution graph for 0.2 
m Design 1 at b) 3000 Hz of the unfolded and c) 3900Hz of the folded configuration. 

 

4.1.3.2 Parametric study on cavities’ dimensions’ ratio 

Figure 4.5 shows the average behaviours according to two parameters: cavities thickness and duct 

width. From the nine combinations of the three per three options of two different variables (see 

schematic in Figure 4.3), these variables were considered: a1=b1=0.006 m, a2=b2=0.008 m, a3=b3=0.01 

m. The results show that either the cavities or the central duct width change do not affect the acoustic 

metasurface performance. So the configuration a2 and b2 can be set as standard (a2=b2=0.008 m) to 

a) 

b) c) 

50 
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guarantee a significant sound reduction performance and sufficient ventilation at the same time. 

Indeed, the acoustic and airwave propagation from the inside to the outside of the metacage and vice 

versa is guaranteed by the resulted duct of width 0.008 and cavities total thickness of 0.016 m. 

 

 

Figure 4.5 TL Parameterisation for conical duct as the one in Design 1: a) geometrical setting (internal boundary in blue), b) 
SPL distribution at peak frequency 4400 Hz, c) TL. 

 

4.1.3.3 Comparison of the Different Scaled Models 

The TL increase is correlated with the dimension of the device. For the sake of completeness, wider 

samples of Design 1 are built and analysed through the same acoustic simulation settings. So results 

will be presented, comparing the original model's performance with those of diameter equal to 0.4 

and 0.8 m. From Figure 4.6, it is clear that, as expected, the increasing of the dimensions (two and four 

times bigger in this case) causes a shift of the TL peak towards lower frequencies. In particular, for the 

folded configuration, in the 0.4 m model, the peak is at 4000 Hz (Figure 4.6.a) with a TL of 83dB. This 

phenomenon happens consistently and progressively with the increasing of the models, and it is 

a) b) 

c) 

50 
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demonstrated by the following study, with dimensions ten times bigger than the original ones. For the 

0.8 m models, the peak is at 2000 Hz, where SPL is 89dB (see Figure 4.6.b).  

From Figure 4.6, the effectiveness of the origami metacage is demonstrated in the selected frequency 

range, and the contribution of the folded configuration in this process is proved. 

 

Figure 4.6 TL comparison of Design 1 (unfolded and folded) with different diameters dimensions: a) diameter = 0.4 m, and 
b) diameter = 0.8 m). 

 

4.1.4 Numerical Results of Acoustic Bistable Metasurface (Design 2) 

4.1.4.1 Numerical Results of the Acoustic Metasurface 

Figure 4.7 shows the simulation results of Design 2. A slice graph representing the SPL distribution is 

placed at the middle of the metasurface height to compare the two models' effect (with 10° tilt and 

a)

c 

b) 

50 

50 
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5° tilt). The TL behaviours are very similar in both configurations (10° and 5° rotating angles) but shifted 

on lower results for the 10° one. Overall, the TL is between 0 dB and 51 dB, where some variations can 

be observed due to the resonance of the cavities facing the duct’s openings. The TL has a sinusoidal 

behaviour at low-medium frequencies (500-1500 Hz, average of 7 dB), while in the upper-medium 

frequency range (1500-3000 Hz), it increases in efficacy, with a TL average of 23 dB and a TL peak of 

51dB at 1700 Hz. Figure 4.7.b highlights the confinement effect of the SPL at the TL peak frequency 

for both 10° and 5° tilt configurations.  

 

Figure 4.7 a) Graph representing TL and SPL distribution graph for b) Design 2 with 10° tilt at 1800 Hz and c) Design 2 with 
5° tilt at 1700 Hz. 

 

4.1.4.2 Parametric study on cavities’ dimension’s ratio 

Figure 4.8 shows the average behaviours according to the two variables considered: cavities thickness 

and duct width. From the nine combinations of the three per three options of two different variables 

(see schematic in Figure 4.3), these variables were considered: a1=b1=0.01 m, a2=b2=0.02 m, 

a) 

b) c) 

50 
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a3=b3=0.03 m. The results show that either the cavities or the central duct width change do not affect 

the acoustic metasurface performance. So the configuration a2 and b2 can be set as standard 

(a2=b2=0.02 m) to guarantee a significant sound reduction performance and sufficient ventilation at 

the same time (see duct formed by the coupling of the cavities in Figure 4.8.a,b). Indeed, the acoustic 

and airwave propagation from the inside to the outside of the metacage and vice versa is guaranteed 

by the resulted duct of width 0.017 and cavities total thickness of 0.04 m. 

 

 

Figure 4.8 TL Parameterisation for straight duct reproducing the one in Design 2: a) geometrical setting (internal boundary 
conditions in blue), b) SPL distribution at peak frequency 2300 Hz, c) TL. 

 

4.1.4.3 Comparison of the Different Scaled Models 

Differently from Design 1, the TL increase is not significantly correlated with the dimension of the 

device. For the sake of completeness, thicker samples of Design 2 are built and analysed through the 

same acoustic simulation settings. The results are presented in Figure 4.9 and allow us a comparison 

a) b) 

c) 

50 
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between the original model's performance and those of overall thickness equal to 0.08 and 0.16 m. 

From Figure 4.9, it is clear that there is no shift of the TL peak while increasing the metasurface 

thickness. In particular, a significant result is the different tendencies of the 10° and 5° tilt 

configurations. While the TL associated with the first one decreases its amplitude around the peak 

frequency range (1500-2500 Hz), the second increase significantly. The peak is always around 1700 Hz, 

but the amplitude is different. For the four-layer models, the TL peak is indeed 67dB (1760 Hz) for the 

5°tilt configuration, and it is averagely 38 dB for the 10° one (much spread and less concentrated than 

the previous one).  The eight-layer model TL peak is lower again for the 10° tilt configuration (averagely 

40 dB) while increases with a maximum peak of 77 dB for the 5° tilt model at 1740 Hz.  

Generally, from Figure 4.9, the auxetic metasurface's effectiveness appears not to be connected 

significantly with the thickness increase. Excluding the isolated most evident peak, the graph shows a 

similar overall TL behaviour related to the model with 2, 4, and 8 layers of Design 2; However, for the 

sake of completeness, quantitative approach is also used to compare these Design 2 configurations. 

So, with the aim of quantifying the discrepancies between each configuration (with different opening 

degree and thickness), the root mean square (RMS) deviations has been calculated on the overall 

frequency range (50-3kHz): 0.35 between 4 Layers with 10° and 5°, 0.24 between 4 and 8 Layers 

configurations with 10° of rotation, 0.31 between 8 Layers with 10° and 5°, 0.18 between 4 and 8 

Layers configurations with 5° of rotation. From these values, it is confirmed that the rotation angle 

(10°, 5°) seems to affect the results more than the layers’ number (4, 8 layers). This means that, 

differently from Design 1, a two-layer model might be enough to allow natural ventilation and reduce 

noise on a broader frequency band.  
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Figure 4.9 TL comparison of Design 2 (with 10° and 5° tilt) with different thicknesses: a) thickness = 0.4, and b) thickness = 
0.8 m. 

 

4.1.5 Discussion on design applications 

This chapter study’s main aims are achieved, and further numerical improvement or experimental 

study on the model will give more completeness to the research. So now, new possibilities are open 

for devices’ design which aim noise reduction together with natural ventilation. The proposed 

geometry may be embedded in a window design. The resulting TL broad peaks of 54, 67, and 77 dB 

(two, four and eight-layer model) might impact a situation where the application area is affected by 

high-level noise. Design 1 could embed a system of origami metacage ducts in window frames or use 

the structure itself with increased width and a transparent back panel to allow light exchange between 

two environments. The structure of Design 2 could be used as a transparent panel for windows 

a) 

b) 

50 

50 



Gioia Fusaro - PhD Thesis 
 

132 
 

enclosures. A further parameterisation and validation work will follow to test the actual building 

feasibility of the prototypes and determine whether the use of transparent materials might affect their 

performance or allow a new generation of tunable window systems. 

 

4.1.6 Conclusions 

In this project section, the proposed acoustic metamaterials' characteristics with a unique 

reconfigurable mechanism have been investigated. Different configurations with specific ventilation 

designs have been tested to assess the noise reduction and estimate the ventilation volume between 

the two areas separated by the devices: the inside and the outside for Design 1 (52% of opening ratio) 

and front and back for Design 2 (from 15% to 30% of opening ratio). Both models show high peaks in 

the TL due to each metamaterial unit's effective silencing effect in front of the ventilation apertures. 

In different effective ways, the effective region's frequency and bandwidth are related to the 

geometric parameters and scales of the systems. The potential of the proposed devices to be used in 

ventilation window systems is proved since natural ventilation is possible without any additional 

elements. Better ventilation and noise reduction in the desired frequency range can be achieved by 

developing further numerical models for optimising the devices in terms of size and shape.  

Due to the findings highlighted in Chapter Participatory approach to draw ergonomic criteria for 

window design, noise reduction, and natural ventilation are as important as the outdoor 

environment's visual connection to make the user feel oriented. For this reason, the Origami metacage 

seems to perfectly suit this aim due to the availability of a plain central panel. In the next section, its 

deployability and parameters are further optimally investigated both analytically and numerically. 

 

4.2 Origami Metacage deployability 

In this chapter, one of the previously investigated AMMs, the Origami Metacage, is investigated, 

particularly focusing on its deployability. A system with foldable origami metamaterial which allows 

noise reduction and natural ventilation is presented. The proposed device allows air exchange 

between the interior and exterior domains, and it forms an omnidirectional acoustic metacage in the 

folded state. The design concept of the proposed device and the important design parameters were 

elaborated in this second phase. The sound reduction performance was investigated using FEM 

simulations again. The numerical method developed in this work can facilitate the optimisation of 

origami metamaterial for real window designs, starting from a circular enclosure and then adapting it 
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in a more ergonomic or geometrically standard way. The main aim of this part of the study is indeed 

to corroborate the numerical-parametric investigation method, while ergonomic adaptation will 

follow in the next chapters. 

 

4.2.1 Background 

As mentioned in Section Sound insulation, conventional acoustic techniques allow controlling sound 

waves within a limited range of frequencies. Noise control devices are bulky to operate in the typical 

airborne noise frequencies [8,54,59,269]. Acoustic metamaterials are versatile due to their excellent 

properties related to their physical size [37,270]. Particularly, origami metamaterial greatly extends 

the tuning ability and design range of existing metamaterial benefiting from its unique geometric 

flexibility. Recent studies have shown that origami folding can be combined with appropriate acoustic 

and mechanical design to improve performance in many regards [84,158,264]. Based on the origami 

concept and the encouraging results, metamaterial window design with a specific aim to achieve both 

noise reduction and ventilation can be further improved.  

This section presents the second phase of the study of AMMs for natural ventilation window design. 

First, the conceptual design of a novel origami acoustic metacage, of which the performances are 

tunable during the reconfigurable process, is investigated. The working principle for noise reduction 

is similar to the acoustic metacage structure proposed earlier [271], while origami enables a unique 

mechanism to effectively vary the acoustic and ventilation characteristics in the folded and unfolded 

state. Starting from the metacage concept, a design to allow expansion and compression of circular 

boundary surrounding a sound source is developed, as illustrated in Figure 4.10. Unique structural 

design on the boundary forms a couple of metamaterial units in the folded state, controlling sound 

wave radiation to the exterior domain through the ventilation apertures. Two types of ventilation 

conditions are considered in this study. According to Figure 4.10, Design 1.a has distributed 

perforations along the perimeter, while Design 1.b has ventilation apertures and a much larger 

ventilation volume. In the first case, the open ratio (open surface/total perimeter) is 32%, while in the 

second is 52%. The folded and unfolded configurations of the two designs are compared in Figure 4.10. 

As a preliminary study, only the two extreme configurations (completely folded and unfolded) are 

tested using 2D Finite Elements Method (FEM) simulations, to demonstrate the dramatic change in 

the acoustic property resulted from the origami metamaterial. 

This section aims to demonstrate the effectiveness of this novel metamaterial for window applications. 

This model can be used at different frequency ranges (100-10000Hz), and several dimensions (0.2, 1, 
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and 2 m in diameter) are tested to show the shift of working frequency as the system size changes. 

Thus, the device can be incorporated into a window without obstructing natural lighting from the 

outdoor environment. An inversely proportional correlation between shifting the most affected 

frequency range and the model dimensions are expected. This phenomenon should be accompanied 

by a Sound Pressure Level (SPL) dip, in accordance to the metamaterial's resonator nature.  

 

 

Figure 4.10 Schematic of a1) Design 1.a (Origami metacage with perforations) and b1) Design 1.b (Origami metacage with 
apertures) in the folded and a2,b2) unfolded state. The yellow and light blue dots denote the folding points' movements along 
the boundary: valley folds (light blue) and mountain folds (yellow). 

 

4.2.2 Methodology  

4.2.2.1 Geometrical Setting 

The acoustic wave propagation is set to be originated from the interior of the origami metacage and 

radiates out through the distributed ventilation holes along the surface. Thus, the actual 3D system 

a1) 

 

b1) 

a2) 

 

b2) 

 

Design 1.a 

 

Design 1.b 
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can be viewed as a protrusion from the 2D plane, where each cross-section has the same geometry. 

For this reason, 2D simulation is carried out for the sake of computation efficiency. The 2D FEM model 

represents the origami metacage, and the folded and unfolded configurations are illustrated in Figure 

4.11. The diameter of the metacage (refer to unfolded state) is 0.2 m and 0.4 m for the circular outer 

boundary. This diameter ratio of 1:2 is kept the same for all the simulation cases with different scales, 

which will be tested later to understand the effect of system size on the frequency range. 

 

Figure 4.11 Geometrical configurations of Design 1 (a) folded and b) unfolded) and boundary conditions: central point source, 
interior sound hard boundaries (blue), and cylindrical free wave radiation (dashed line). 

The folded configurations represent a 2D octagonal star (eight points) with a 0.05 m length on each 

side. In each of these extremities, two cavities are positioned towards the centre of the triangular 

point, delimited by layers that start from the sides and extend towards the middle of it for respectively 

0.008 m, 0.012 m, and 0.016 m, and cavities width as 0.008 m (see Figure 4.11). A parametric study, 

done to see an acoustic effectiveness difference while changing those components dimensions, 

supports the setting up of both cavities and central duct’s dimensions (see Figure 4.12). The 

parametric study took in consideration three width configurations for the cavities (a= 0.007, 0.008, 

0.009 m) and three for the central duct (b=0.007, 0.008, 0.009 m). The results show that the cavities 

width change does not affect the metacage performance, so that the a2 configuration will be used for 

the next parametric study. The next results show that the central duct width change does not affect 

the metacage performance in the considered terms of dimension changing. So the configurations a2 

and b2 can be set as standard, as explained before. The resulted duct of width 0.008 m and the four 

holes of 0.008 m length each on the point guarantee the acoustic and airwave propagation from the 

inside to the outside of the metacage and vice versa. When the geometric configuration passes from 

the folded to the unfolded one (see Figure 4.11), each extremity's sides open and generate a circular 

perimeter shape. The holes rotate with the sides, and the layers that constitute the cavities rotate 

until they are oriented towards the centre with displacement from the direction perpendicular to it of 

30° (see Figure 4.11). 

a) 

 

b) 
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Figure 4.12 Dimensions of the metamaterial unit formed in the folded state for Design 1. 

 

4.2.2.2 Boundary Conditions and Study Settings 

The numerical model is implemented using commercial FEM software Comsol Multiphysics under 

the Acoustics module. A monopole point source is placed at the centre of the origami metacage with 

a volume flow rate of 0.01 m2/s. At the outer boundary, cylindrical wave radiation is defined to 

simulate free outgoing waves without reflection. The simulation domain is filled with air, where air 

density and sound speed at room temperature are used. Finally, the metacage and material cells' walls 

are set as interior sound hard boundaries, as depicted in Figure 4.11. Sound transmission through 

walls of the metacage and possible viscous-thermal effect in the narrow resonator channels are 

neglected in this study.  

The SPL is averaged at the outlet boundary (dashed line in Figure 4.11) to compare the unfolded 

and folded state's acoustic response. A decrease in the SPL curve will thus indicate less efficient sound 

radiation because sound energy is more confined in the metacage. The mesh size is determined 

according to the FEM criterion, where at least six nodes are used to simulate a wavelength in air. The 

maximum allowed element size to reach 10000 Hz is thus 343/6/10000=0.0057 m. The study is a 

frequency domain analysis from 100 Hz to 10000 Hz with a step size of 100 Hz. In the results, the SPL 

radiation is shown linearly in the simulation frequencies.  
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4.2.3 Design 1.a Results 

Figure 4.13 first shows the simulation results of Design 1.a in the folded and unfolded state. The 

averaged SPL at the radiation boundary is between 40 dB and 120 dB, where some variations and 

peaks can be observed due to the circular enclosure's resonance. The SPL radiation graph (Figure 

4.13.a) shows that both the folded and unfolded configuration effects are analysed. For the folded 

one, the SPL radiations reduce significantly at low frequencies (average of 106.6 dB of SPL), while in 

medium frequency, it loose efficacy, and from 2500 Hz and above, an increasing sinusoidal behaviour 

starts, with a SPL average of 90 dB and a SPL dip of 48.7 dB at 8100 Hz. Figure 4.13.b and Figure 4.13.c 

highlight the confinement effect of the SPL at the different dip frequencies for both unfolded (dip at 

4700Hz) and folded (dip at 8100 Hz) configurations. In both graphs, it is evident how the folded state 

has a higher acoustic impact on the sound wave confinement. 

 

Figure 4.13 Graph of a) SPL radiation and schematic of SPL distribution for 0.2 m Design 1 at b)  4700 Hz of the unfolded 
and c) 8100Hz of the folded configuration. 

a) 

 

b) 

 

c) 
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Design 1.a unfolded 
Design 1.a folded 
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4.2.4 Design 1.b Results and Comparison with Design 1.a 

In the next section, the results of Design 1.b are analysed and compared with Design 1.a. The graphs 

in Figure 4.14.a and Figure 4.14.d show that the two samples' acoustic behaviours are the same. This 

conclusion is visually supported by the SPL distribution graphs in Figure 4.14.b and Figure 4.14.c, which 

shows how similar the distribution of the colour is. For Design 1.b, both graphs show clearly how the 

folded state confine the sound wave in the internal part with more effectiveness. This comparison 

result (between Design 1.a and Design 1.b) is significant to understand how the design can allow a 

better ventilation condition without affecting the device's acoustic performance. As explained in the 

introduction about purposes, this improvement is needed to have proper ventilation of the contained 

mechanical or physical system. 
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Figure 4.14 Graph representing a) the SPL radiation and schematic of SPL distribution for 0.2 m Design 1.b at b)  4700 Hz of 
the unfolded and c) 8100Hz of the folded configuration. d) Comparison between SPL radiation of Design 1.a and Design 1.b. 

a) 

 

b) 

 

c) 

 

d) 
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Design 1.b folded 

 
Design 1.a unfolded 

Design 1.a folded 

Design 1.b unfolded 

Design 1.b folded 
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4.2.5 Comparison of the Different Scaled Models 

This section focuses on the correlation between the device's dimension and its SPL reduction effect. 

In order to investigate the general relation between the models dimension (here called ‘diameter’ to 

easily refer to wideness of the circular enclosure) and the acoustic performance, bigger samples of 

both Design 1.a and Design 1.b are analysed through the same acoustic simulation settings. Although, 

since the performance of Design 1.a and Design 1.b is mostly identical from the folding point of view, 

and since the second one allows a more direct air flow inside-out the model, it can be reasonable to 

consider only the second one to further investigate the relationship between the enclosure diameter 

and the acoustic performance. So for the sake of simplicity, only results related to Design 1.b will be 

presented, comparing the performance of the original model with those of diameter equal to 1 and 2 

m.  

From the results, it is clear that, as expected, the increasing of the dimensions (five and ten times 

bigger in this case) causes a shift of the SPL reduction peak towards lower frequencies. In particular, 

for the folded configuration, in the 1 m model, the dip is at 1600 Hz (Figure 4.15) with a SPL of 38.25 

dB. This phenomenon happens consistently and progressively with the increasing of the models, and 

it is demonstrated by the other study with dimensions ten times bigger than the original ones. For the 

2 m models, the dip is at 800 Hz, where SPL is 31.95 dB. From Figure 4.15, the effectiveness of the 

origami metacage is demonstrated in this frequency range, and the contribution of the folded 

configuration in this process is proved. 

 

Figure 4.15 SPL radiation of Design 1.b with 0.2, 1, 2 m diameter. 

50 



Gioia Fusaro - PhD Thesis 
 

141 
 

4.2.6 Discussion on design applications and Conclusions  

The main aims of this second phase of this project on AMM investigation for natural ventilation 

window design are achieved, and further numerical and experimental study will give more 

completeness to the research. So now, new possibilities are open for devices’ design which aim noise 

reduction together with natural ventilation. Furthermore, applications can interest private and public 

spaces, which are affected acoustically by the co-existence of different activities or infrastructures. 

For these reasons, windows systems might be taken into account. For example, the proposed 

geometry may be embedded in a window design built on an external wall of a private or public building 

such as a house, a school or a hospital. The resulting SPL broad dips of 38.25 and 31.95 dB (1 and 2 m 

diameter model) might impact a situation where the area surrounding these buildings is very crowded 

or overlapping activities might create high-level noise. An example could be embedding a system of 

origami metacage ducts in window frames or using the structure itself with increased width and a 

transparent back panel to allow light exchange between two environments. A validation work will 

follow to test a prototype's actual building feasibility and determine whether the transparent back 

panel might affect its performance or allow a new generation of tuneable window systems. 

This study has investigated the acoustic characteristics of a proposed origami acoustic metacage with 

a unique reconfigurable mechanism. Two configurations with different ventilation designs 

(perforations/apertures) have been tested to assess the noise reduction and estimate the ventilation 

volume between the inside and the outside of the origami metacage (from 32% to 52% of the opening 

ratio). The folded metacage shows a profound dip in the radiated SPL due to the excellent silencing 

effect provided by the metamaterial unit in front of the ventilation holes. The frequency and 

bandwidth of the effective region are related to the system's geometric parameters and scales. 

Natural air ventilation is possible without any additional element, showing the proposed device's 

potential to be used in ventilation window systems. The developed numerical model can be further 

employed to optimise the device's size and shape to improve ventilation and noise reduction in the 

desired frequency range. 

In the next section, the acoustic metacage model will be further developed in 3D and investigated 

analytically and numerically to overcome the aforementioned limitations 3-dimensionally. For this 

reason, a more in depth parametric study will be run, specifically to determine the optimal design of 

AMM unit cell, and understand how this system might be customisable according to different 

frequency ranges. Moreover, a preliminary ventilation analysis will be included as well. 
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4.3 Development of metacage for noise control and 

natural ventilation in a window system 

In this section, a metacage for noise control and natural ventilation in a window system was developed 

in 3D, and its effectiveness was tested analytically and numerically through several configurations. In 

this third study, FEM was used to study and optimise the acoustic performance of the metacage 

window. It is worth noticing that the point source used in the 2D study has been adapted in 3D as a 

plane wave radiating perpendicularly to the former setup plane. This adaptation is also due to the real 

window noise condition approximation, where the source of noise is not a point but rather similar to 

a plane wave radiation from the outdoor environment. The ventilation was evaluated simultaneously, 

following predefined guidelines related to the window’s opening ratio and air-flow directivity. Finally, 

the metacage window structure was proved to reduce the noise transmission with a mean value of 30 

dB within a frequency range of 350–5000 Hz while having an opening ratio of the 33% compared to 

the whole system surface. The front panel gives a mean high frequencies TL contribution of 17 dB 

(2000–5000 Hz). Additional lateral constraints and cavities increase the TL performance up to 70% on 

a wider lower frequency range (350–5000 Hz). Thanks to the cavities, the resonant unit cells among 

the acoustic metasurface (AMS) significantly suppress sound from exiting the structure in broadband 

frequencies and allow a bigger opening on the lateral side. This significantly contributes to the natural 

ventilation potential of the metacage window, which in the long term becomes equally effective to 

the conventional open windows. 

 

4.3.1 Background 

Natural ventilation is an energy-efficient approach [272,273]. People spend over 70% of their day 

indoors in modern times, emphasising the importance of a comfortable indoor environment [3,274]. 

However, indoor comfort through natural ventilation is frequently limited by outdoor inputs, such as 

noise sources. Different noise mitigation windows can reflect or absorb the incident acoustic energy. 

Active noise control can be used to create low-frequency stopbands [15,54]. Rolling shutter boxes are 

shown to be a reasonable noise control passive system [9]. An increased thickness is usually needed 

for either active or passive systems to obtain a wideband attenuation in the frequency range between 

350 and 5000 Hz [269,275]. These methods do not guarantee the required airflow, precluding their 

usage in applications where ventilation is required.  
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A brand new diversity of manipulating the sound wave has come up because of the development of 

acoustic metamaterials (AMMs). Metamaterials' subwavelength structure determines more effective 

acoustic properties according to their structural shape rather than their constitutive materials. 

Acoustic metamaterials for wave-front modulation [111,276], sub-diffraction imaging [79], and 

acoustic cloaking [277] have been demonstrated and may be considered for building uses. [271,278] 

In the mechanical engineering research area, acoustic metamaterials have inspired a series of acoustic 

ducts for noise reduction [12,23,46,279,280], the applicability of which may be extended in buildings 

structures. Their inherent large spatial footprint of duct limits their versatility and flexibility during 

implementation. For these reasons, improvements are needed to align ventilation and noise control 

targets to the buildings (and so windows) requirements in a broader range (350-5000 Hz). 

Natural ventilation is generally meant to be performed according to three window parameters: the 

opening size (or opening ratio), the air-flow directivity, and the time addressed for the ventilation. 

[281,282] For the first parameter, generally bigger opening induces larger air mass flow, higher air 

change rate (ACR) and CO2 removal rate. [272] Secondly, the normal direction of the air-flow towards 

the window wall (horizontal pivot or turning window) has been proved to be the best solution for 

obtaining an efficient ACR in a short amount of time [273,281], while lateral air-flow direction (such 

as in tilt or awning windows) requires a longer amount of time to reach the same ACR. Ventilation 

time as the final parameter determines the indoor environment's exposition to the inputs (such as 

harmful noise) of the outdoor and vice-versa according to the window characteristics. By combining 

these parameters, it is possible to achieve window design for different indoor functions. In a 

perforated panel, for example, [12] sound waves and airflow are blocked according to the orifice size. 

Smaller perforated holes and perforation ratios will yield better sound insulation while poorer 

ventilation.  

Although several previous works attempted ventilation and noise reduction through AMMs [23,281], 

it is still rare to see the substantial potential for window application in a wide frequency range. For 

this reason, this section aims to 1) proving sound reduction and ventilation performances of a tunable 

AMM structure to be used for window design and 2) investigating which are the determinant factors 

for such vital features. Following the sub-structuring approach of Yu et al. [37], and starting from the 

concept of AMM, ventilated unit cells with local resonant cavities are chosen to allow better 

ventilation and sound reduction, ideally offering high flexibility for geometric tuning and subsequent 

acoustic optimization. The geometry is fixed through some preliminary analyses of the proposed unit 

cell's acoustic properties, and its sound attenuation in TL is characterized. Afterwards, an array of unit 

cells is analysed as acoustic metasurface (AMS), which, folded into an octagonal shaped acoustic 
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metacage [271] creates the AMM. Different geometrical configurations of the AMM are then 

compared in terms of TL and ACR to establish which is the optimal one.  

 

4.3.2 Acoustic unit cell characterisation  

4.3.2.1 Design of acoustic unit cell  

The AMM window is based on a hierarchical geometry based on a unit cell. Let us consider the 

schematic in Figure 4.16, which is composed of two symmetric resonant parts characterised by 

inclination α and several cavities decreasing in lengths along the z-axis and open towards a central 

duct. The tailoring of the inner structure creates local resonances in order to form a stop-band. The 

unit cell can be considered a waveguide attached to periodic scatterers in the lateral direction for flow 

exit. This specific system is based on the theoretical wave propagation and the existence of stop-band 

related to both constant and linear structures such as the AMMs based on the resonant tubular array 

and the acoustic black hole (ABH). [268,283]  

Table 4.1 Geometric variables involved in the acoustic unit cell characterisation process. 

(α) Rotation angle  (n) Cavities Number   

4 5 6 7 8 9 10  

 (a) Cavities Width (b) Unit cell height 

45° 

55° 

0.016 0.013 0.011 0.009 0.008 0.007 0.006 0.066 

0.019 0.015 0.013 0.011 0.009 0.008 0.007 0.077 

 

Figure 4.16 Geometrical settings and boundary conditions for the particular of the acoustic unit cell with cavities width (a), 
tip height (b), tube width (c), smaller tip base (d), tube length (e), rotation angle (α). 

In order to suppress sound waves, the resonators lined along the duct in a unit cell provide locally 

resonant stopbands while exerting minimal airflow interruption. Table 4.1 shows the three 

parameters that define the structure and which are investigated: the inclination of the unit cell’s 

lateral sides (‘rotation angle’), number of cavities, and width of the cavities. The tube used for this 
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parametric study has a length of 0.6 m and a width of 0.05 m ( Table 4.1 and Figure 4.16). The smaller 

unit cell base (‘d’ in Figure 4.16) is 0.055 and 0.080 m when the rotation angle is respectively 45° 

(Figure 4.17.a) and 55°(Figure 4.17.b). A number of rotation angles have been tested in this parametric 

study (20°-80°, with a step-angle of 5°); However, 45° and 55° have been chosen as example of optimal 

balance between duct width (for ventilation purpose) and acoustic performance. 

 

4.3.2.2 Numerical study on the acoustic unit cell  

Two-dimensional simulations are carried out by COMSOL Multiphysics, Pressure Acoustics Module, in 

order to understand the TL characteristics of the unit cell. A plane wave incidence is applied to the left 

end of the 2D tube (incident pressure = 1 Pa), and the walls of the tube and resonant cavities are set 

as a sound hard boundary. The tube outlet surface, is characterised with air impedance to simulate 

sound waves free radiation condition, meaning that sound can propagate through it with no back 

reflections. The mesh size is determined according to the FEM criterion, where at least six nodes are 

used to simulate a wavelength in air. The maximum allowable element size is 343/6/5000=0.0114 m 

in order to reach 5000 Hz. The frequency-domain analysis covers a frequency range from 350 Hz to 

5000 Hz with a step size of 100 Hz. The frequency range between 350 and 5000 Hz is chosen to be a 

realistic approximation of the average environmental noise. [284] The averaged incoming sound 

power at the inlet boundary and outgoing sound power at the outlet boundary are used to calculate 

the TL, following the equation 𝑇𝐿 = 10 log10 (
𝑤𝑖𝑛

𝑤𝑜𝑢𝑡
) [dB]. An increase in the TL curve will thus indicate 

less efficient sound transmission because sound energy is more confined in the cavities.  

This methodology has been already proved several times by Yu et al., showing the effectiveness of 

such numerical predictions validated efficiently by experimental tests. [23,37] So, it is reasonable to 

consider that the numerical study is an efficient instrument for accurate acoustic performance 

prediction with similar boundary conditions and simulation settings. Further experimental validation 

could improve the methodology but is not a fundamental part at this stage. 
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Figure 4.17 Transmission Loss related to (a) α= 45°, and (b) α= 55°, for the sake of simplicity, only even numbers of the 
cavities parameterisation results, are shown. 

The parametric study highlights significant correlations between the cavities and the duct’s width and 

the consecutive TL behaviour. Figure 4.17 shows the TL results for  4, 6, 8, and 10 cavities number 

combinations. From these graphs, it is observed that as the inclination angle increases, the peaks are 

higher since the cavities are more prolonged, producing a more substantial resonance effect. In this 

case, a broader average TL is achieved. At the same time, the TL peaks rise when the cavities number 

is less. Generally, the frequencies with effective sound attenuation are shown to be significantly 

affected by the resonator geometry.  

This part of the study shows how the unit cell geometry is characterised and which parameters 

combination is best for ventilation potential and noise reduction. So the system with the angle α= 55°, 

and n= 4 (see Figure 4.17.b) is considered in the further numerical analysis due to broad TL capacity 

combined with a wider central duct (so higher ACR potential). 

a) 

 

b) 

 

50 

50 
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4.3.3 Resonance-induced localised modes in the AMM: Physics 

principles behind the acoustic metacage window 

Figure 4.18.a shows the transversal section of the developed metamaterial. The model has an 

axisymmetric configuration concerning the directions passing through the centre of the metacage 

window o with a pace of kπ/4 with a transversal uniform thickness of t (x-direction). For the sake of 

simplicity, the use of a second axial reference such as z’y’ is necessary to study the wave propagation 

in a radial reference system (see Figure 4.18.b). In this reference system, z’ is each direction passing 

through the centre o with a pace of kπ/4, starting from the axis z, and y’ is the perpendicular direction. 

The incoming pressure (Pin), the density (ρ0), and the velocity in the medium (air) (c0) are considered 

uniform in the transversal section (Figure 4.18.a). Therefore, a specific impedance and refractive index 

can be assigned to the different geometrical areas of the metacage window.  Region 1 (approximately 

r< r1, Figure 4.18.b) is characterised with an acoustic impedance of Z1 and refractive index of n1 and 

region 2 (r1 <r <r2) has an acoustic impedance of Z2 and refractive index of n2. Due to the contrast in 

refractive indices of the two regions, while the sound wave travels through towards the unit cell, in 

Region 1 it remains in a continuum state (we assume the reflection on plane xy like a constant). On 

the contrary, when the sound waves travel through Region 2, it interacts with the relative resonance-

induced localised modes. After it passed Region 2, it will result in an out-of-phase condition. The 

incident acoustic wave travelling through the metacage window will enter Region 2, having a small 

phase shift, with a consequent destructive interference on the transmission sides of the metamaterial 

unit cell (Figure 4.18.b).   
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Figure 4.18 Schematic of the physical characteristics according to the metacage window geometry: (a)Transversal section of 
the whole structure (plane xy), (b) particular of the frontal section of the AMM (plane zy), highlighting different gradient 
metamaterial grating with both sides of the AMM that are air, (c) iso-frequency contours for ξ = G = 2k0. 

In this case, the grating order should be considered as in the generalised Snell’s law for 

metasurfaces.[285]  The studied system comprises one internal cavity with eight unit cells with four 

cavities (sub-unit cells) in one period p, which corresponds to r1 and r2. The relative wave with the 

angle of incidence θi and the refraction angle θt can be calculated using the generalised Snell’s law 

[111] 

 

(sin θt - sin θi)k0 = ξ + nG 4.1 

 

Here k0 is the wavenumber in free space, ξ = dΦ/dz’= 2π/p is the phase gradient along the surface 

(along the z’-direction in Figure 4.18.b) on the right outgoing interface, n is the integer representing 

the order of diffraction (or grating order), and G=2π/p is the reciprocal lattice vector (depending by 

the reciprocal lattice of the cavity and the unit cells). It is noted that only when the period is 

comparable with the wavelength λ the term nG appears [111] for large angles of incidence. Comparing 

the unit cell system with the supercell developed by Quian et al., the physics related to both can be 

studied through the example case of p = λ/2 by assuming that the period is less than half the 

wavelength (p ≤ λ/2).[286] Since in this case equation 

 ξ = G = 2π/p = 2 k0 4.2 

 

a) 

 

b) 

 

c) 
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can be rewritten as  

sin θi= sin θt +2(1+n) 4.3 

 

  

The iso-frequency contours for ξ =2 k0 in Figure 4.18.c are employed to study the importance of 

different incident angles on the propagation character of the incident wave impinging on the unit cell 

(solid circle). As demonstrated by Quian et al., if ξ = 0, there are no phase shifts introduced along with 

the interface (black dashed circle in the refraction part of Figure 4.18.c). Consequently, a black dashed 

circle displacement of ξ =2k0 appears when phase shifts are introduced along with the interface. So in 

Figure 4.18.c the lower blue circle corresponds to n = 0 in eq. 4.3, while the red circle corresponds to 

n = 2 in eq. 4.3. Generally, the incident wave couples more easily with such two propagation orders (n 

=0, 2) rather than higher ones. The incoming wave to couple into propagating modes has a critical 

angle expressed as θc = sin-1(1- ξ /k0) for 0th order diffraction (i.e., n=0). When p is a minimal value, 

i.e., p< λ/2, then ξ =2π/p > 2 k0. For this reason, and since |1 −  𝜉 /𝑘0| > 1 , the critical angle θc 

becomes an imaginary number, meaning that the propagating mode for an arbitrary angle of incidence 

θi and n=0 is not allowed through the AMM. On the other side, for the arbitrary non zero value of n+1 

(n is an integer), the mode-coupling method can interpret the transmission coefficients. [271] The nth-

order diffracted wave (recalling that ξ=2π/p) has a y component of the wave vector defined by the 

equation 𝑘𝑦′,𝑛 = √𝑘0
2 − [𝑘𝑧′ +

2π(n+1)

𝑝
]

2
, where 𝑘𝑥′ is the component of the wave vector on the x 

axis. Since p< λ/2 for an arbitrary non zero value of n+1, we shall have  |𝑘𝑧′ +
2π(n+1)

𝑝
 | >

2π

λ
= 𝑘0 

(note that |𝑘𝑧′| <
2π

λ
 ), meaning that 𝑘𝑦′,𝑛 becomes imaginary for any non-zero value of n+1. For this 

reason, the transmitted waves are evanescent and decay exponentially along the z’ direction on the 

plane z’y’. Nevertheless, since 𝑘𝑦′,𝑛  (𝑘𝑧′ +
2π(n+1)

𝑝
) is still a real number, it is essential to stress 

further that the propagation of surface waves in the y’ direction is still possible. For n=-1, although the 

propagating waves are allowed, their transmission is minimal due to destructive interference [271]. In 

conclusion, the transmission through the AMM for p< λ/2 is small regardless of the angle of incidence 

for any value of n, and the AMM design can be used as an omnidirectional sound barrier for all-angle 

incoming waves. 

 



Gioia Fusaro - PhD Thesis 
 

150 
 

4.3.4 Development of the metacage and the acoustic performance 

4.3.4.1 Sub-structural design of the acoustic metacage window  

As depicted in Figure 4.19, an array of 8 unit cells can be considered an Acoustic Metasurface (AMS) 

[37], where identical unit cells with the same resonance and phase properties can allow a homogenous 

sound isolation effect. The AMS can be folded into a ring shape to realise an acoustic metacage [271] 

to confine acoustic transmission in all directions. Based on the chosen unit cell geometry, 8 unit cells 

form an octagon-shaped metacage applied to separate two acoustic domains, as shown in Figure 

4.19.b. The domain with incoming waves is denoted as the “noisy” side, and the transmission side is 

denoted as “quiet”. The octagonal opening of the metacage opens fully to the noisy side, allows air to 

enter with sound waves. The metacage front facing the quiet side is closed with a rigid panel, which 

forces sound to exit through the eight lateral unit cells, thus interacting with the resonant cavities. For 

this reason, the original soundwave (propagating along the axis x) affected by the reflection of the 

front panel and diffraction and resonance within the metacage inner volume (without considering the 

AMM unit cells) is considered as a new modified soundwave entering the AMM unit cell (see Figure 

4.19.b). Analytical and numerical analyses are performed to investigate the system effectiveness 

according to each part contribution in terms of TL (configuration without the metacage window, 

configuration with only the front panel, configuration with lateral constraint, configuration with 

cavities). Finally, in the discussion, the ventilation capacity of the final model is compared with other 

ordinary window models to address the ventilation parameters mentioned above. The efficiency of 

the opening ratio combined with the noise reduction is analytically and numerically demonstrated, 

and a new technique for long term consistent ventilation and noise reduction on the middle-high 

frequency range (350-5000 Hz) is defined.  
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Figure 4.19 Metacage window system: (a) AMM geometrical concept and (b) schematic of the flow and the wave 
propagation 

4.3.4.2 Numerical analysis: unit cell, AMS, and AMM 

After the analytical analysis of the AMM structure, the 3D simulation is defined as semi-infinite 

acoustic conditions are applied to the spherical geometrical boundaries as depicted by Figure 4.20. 

The overall boundary sphere has a diameter of 0.7 m and is centred with the analysed geometry. The 

metacage window has a total height of 0.6 m (maximum distance between two opposite unit cell tips). 

The background pressure field is defined on the noisy side as incoming waves, while the entire semi-

sphere surfaces are assigned with free wave radiation conditions (see Figure 4.20.b). The walls of the 

metacage and material cells are set as interior sound hard boundaries. Sound transmission through 

walls of the metacage and possible viscous-thermal effect in the narrow resonator channels are 

a) 

 

b) 
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neglected in this study. The 3D domain is filled with air, where air density and sound speed at room 

temperature are used. TL is calculated by the reduction of sound power through the metamaterial 

interface (in decibel). Regarding the mesh size for the 3D study, this model results are very complex 

and, since the convergence of results is proved, simplification is needed. So the maximum allowed 

element size is increased at 343/6/2500=0.0228 m. In the results, the TL and SPL distribution are 

shown linearly and superficially within the simulation frequencies.  

 

Figure 4.20 3D boundary conditions in the FEM settings: (a) internal sound hard boundary, (b) background pressure field, 
where a=0.1 m, and b= 0.05 m; and (c) TL results of the unit cell, AMS, and AMM for a frequency range of 0-5000 Hz expressed 
in dB. 

Results of TL related to the unit cell, AMS and AMM are presented in Figure 4.20, where the array of 

8 unit cells considered as a metasurface is investigated with the same 2D physical boundary condition 

of the unit cell. The unit cell TL analysis shows peaks at 1700, 2500, 3300, and 4700 Hz (Figure 4.20). 

The AMS determines a higher TL in the lower frequencies with peaks at 1200, 1900, 2500, and 3400 

Hz, and the mean value of ∆TL=2dB compared to the unit cell mean TL. Finally, by folding the AMS in 

a loop (generating the AMM), a broader increase of the TL is achieved (mean value of ∆TL=22dB 

compared to the AMS TL). This phenomenon is probably due to the three-dimensional configuration 

characterised by a front panel (Figure 4.19) that contributes to reflecting the sound wave backwards. 

This and other AMM configurations contributions need to be further investigated. Comparing them 

(b) 

(c) 

350 
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can give insights into the sound attenuation mechanism and reveal the critical parts determining the 

overall system's effectiveness. 

 

4.3.4.3 Numerical analysis: different AMM configurations comparison. 

As a comparison, four configurations are studied, as illustrated in Figure 4.21.a-d. The first 

configuration (Figure 4.21.a) includes only the opening between the two acoustic domains. The 

second configuration (Figure 4.21.b) inserts a rigid frontal panel, but sound can still exit freely from 

the lateral side. The third configuration (Figure 4.21.c) includes the structure with nozzle shaped unit 

cells, but the resonant cavities are missing. This is quickly done by removing the interior flanks inside 

the unit cells. The last configuration (Figure 4.21.d) is the proposed 3D acoustic metacage window 

design. The TL curve in Figure 4.21.e shows that for Configuration 1, there is no significant TL. This is 

typically between 0-3 dB and sets a reference value for other configurations. Note that if the front and 

back panels of the metacage are both opened, the acoustic effect is similar despite the presence of 

any unit cell elements. For the other three configurations, the TL results in Figure 4.21.e show a dome-

like behaviour, typically appearing in the TL pattern of expansion acoustic ducts [279]. Since the 

expansion ratio and unit cell volume characterized by the primary dimension is almost the same, the 

tendency of the slopes in the three configurations is similar, with peaks appearing near 1100, 2100, 

3000, 3300, and 4500 Hz. The amplitude of TL is, however, different due to reasons to be discussed 

later. For example, as stated in the previous analytical considerations, the comparison between curves 

1 and 2 in Figure 4.21 shows the crucial importance of the front panel for sound reflection. As showed 

by Figure 4.22.a, when the acoustic wave interacts with this part of the metacage window, it is partially 

reflected back and partially passes through the lateral space between the front panel and the division 

towards the quiet environment. The barrier performance of the second configuration is only effective 

by cutting the direct “line of sight” between source and receiver. [14] The results also show that, along 

with the common knowledge, high-frequency sounds are more inclined to be attenuated by the front 

panel than low-frequency sounds due to their low wavelength. A longer wavelength sound will easily 

pass through the barrier by diffraction (Figure 4.21.e).  
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Figure 4.21 Geometrical settings of 4 different internal boundary configurations: No Metacage (a), Only front panel (b), No 
flanks (c), Metacage (d); and Transmission Loss related to these configurations (e).  

Although the front panel plays a fundamental role in noise reduction, the TL can be further improved 

by adding the lateral geometrically designed constraints. Indeed, a significant TL step-up is made on 

the system's acoustic performance when the lateral part is added. This particular feature 

differentiates the metacage window from the previous window technology attempt [14]. Thanks to 

the cone shape of the unit cells, their acoustical responses become exponentially divergent when they 

propagate in the narrowing area direction [287]. As a result, the SPL results confined in the internal 

geometry and within the quiet environment results much lowered (Figure 4.22.b), although significant 

lateral SPL concentration may interfere in the metacage window performance. The final improvement 

of the model comes with the cavities (Figure 4.21.d and Figure 4.22.c), which, as proved before, at 

specific frequencies, function as resonators. As depicted in Figure 4.21.d, the TL has a much broader 

dome-like behaviour with this configuration with considerably higher peaks and slightly lower depths. 

The frequencies of effectiveness are still the same (1100, 2100, 3000, 3300, 4500 Hz) since the 

thickness and distance from the division is still kept the same (0.1 m). The slopes' behaviour slightly 

varies for higher values of TL, probably due to simulation imprecisions, for which correction through 

mean value might be performed. As stated in the previous analytical analysis section, the dimension 

of the folded AMM period makes it more suitable for middle-high frequencies (1000 – 5000 Hz). 

(e) 

350 
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However, if paired with the front panel and the lateral constraints, it can cover a broader frequency 

range even at lower frequencies (350 – 1000 Hz). As showed by Figure 4.22.c, when the acoustic wave 

interacts with this part of the metacage window, it is drastically reduced by the destructive 

interference between the central duct and the lateral resonant sides of each unit cell. As a result, the 

overall SPL in the quiet environment results as reduced and more uniform than the previous 

configurations. 

 

Figure 4.22 SPL related to the configuration with (a) only the front panel, (b) with the front panel and the lateral 
constraints, and (c) with the front panel, the lateral constraints, and cavities involved in the noise reduction through the 
opening. The colour legend refers to dB as a measuring unit, and 3300 Hz is the analysis frequency. 

 

4.3.5 Basic ventilation analysis 

As mentioned in the introduction, natural ventilation is a central feature of the AMM here presented. 

The technique used is buoyancy, which only requests the presence of one or two openings on an 

external building wall, placed systematically to create a natural airflow system. In particular, buoyancy 

ventilation results from the difference between interior and exterior air density. This change causes 

the warm air to rise above the cold air and create an upward air-stream, of which the ventilation rate 

can be calculated as:  

𝑞 = 𝐴𝐶𝑑√
∆𝑇 𝑔 ℎ

(𝑇𝐼+273)
      (m3/s) 

  
4.4 

 

                                                                   

where A is the area of each opening (m2), 𝐶𝑑  is the discharge coefficient (typically 0.6), 𝑇𝐼  is the 

internal temperature (°C), ∆𝑇 is the difference between internal and external temperature (°C), g is 

the gravitational force (m/s2), and h is the height between openings (m). According to Bayoumi [282] 

(a) (b) (c) 
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(where the thermal comfort and heating and cooling energy demand are also considered), natural 

ventilation would occur by an opening in the building when the outdoor temperature is within ±3 °C 

of the indoor temperature (i.e., within +3 °C in heating; within −3 °C in cooling). So this technology is 

widely applicable in most environments (from a temperate climate to a slightly cold or hot climate).  

Besides this, Von Grabe et al. [281] accurately investigated natural ventilation in buildings through 

buoyancy and the flow directivity according to the window opening features. The tested window types 

are several: double vertical slide window, turn window, tilt window, awning window, horizontal pivot 

window and vertical pivot window. Different opening rates were included for each window test to 

allow a more extensive comparison, and the windows performance is evaluated according to various 

criteria such as the mass flow and the air change rate and the CO2 removal rate. In their study, Van 

Grabe et al. highlighted how the horizontal pivot window is the best performing type of window.  

Due to the lateral airflow of the metacage window, this can be compared with the tilt or awning 

windows. In the optimisation process of combining natural ventilation with noise reduction, it was 

considered that lateral airflow, such in tilt or awning windows, is quite lower than the horizontal pivot 

window, the double vertical slide window, and the turn window. These last two are meant to be better 

due to allowing faster air exchange since, in their design, the attenuation of outdoor inputs such as 

noise sources is not guaranteed. So natural ventilation is generally meant to be performed in the 

shortest amount of time to avoid indoor contamination with negative factors such as outdoor noise 

[281]. However, from the metacage window acoustic effect combined with 33% of the opening rate, 

a perpetual opening can be guaranteed in several outdoor noise conditions. So if we compare the 

effects of the horizontal tilt window in the short term with the one of the metacage windows in the 

long term, they are equally valid. 

 

4.3.6 Conclusions 

In the presented study, a new metacage window that allows natural ventilation and noise reduction 

was developed through the principle of Snell’s Law for AMS and investigated through the semi-infinite 

FEM Method. A parametric study first assessed the geometry to determine which combination 

between rotation angle, cavities number, and cavities width would have been optimal for the scope. 

Afterwards, four acoustic configurations were analysed to understand the impact of each part of the 

metacage window.  

From the acoustics point of view, unit cells, AMS, and AMM have been evaluated through a sub-

structural approach. Overall the metacage window design allows a TL with a minimum of 8 dB and a 
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mean value of 30 dB within a frequency range of 350-5000 Hz. The final opening rate of the metacage 

window was 33%. The ventilation capacity was proved to be good enough to allow buoyancy 

ventilation in the conditions considered by Bayoumi [282], and the flow directivity discussed and 

investigated by Von Grabe et al. [281] Indoor comfort was guaranteed by the perpetual opening of 

the window supported by the noise reduction effect. The lateral ventilation was not the most efficient 

in the short term [281]. Nevertheless, in the long one, it became equally effective.  

Many factors influence the overall performance of the acoustic metacage window. For example, 

regarding the optimal combination for the unit cell structure, its constraints total dimension were 

certainly a limit in terms of noise reduction wavelength. However, combined with the lateral metacage 

constraints and the front panel, they performed significantly in the high frequencies (2000-4500 Hz). 

The unit cell array (AMS) proved to be equally efficient in the same frequency range. An additional 

improved performance was observed between 1000-2000 Hz. The acoustic effectiveness increased by 

folding the AMS into an octagonal closed shape and adding a front panel. Each part of the AMM 

demonstrated to give different TL contributions. The front panel gave a mean power reduction of 17.5 

dB with a peak value at high frequencies. At the same time, the additional lateral constraint and the 

cavities increased this performance by respectively 31% and 70%, with a significant contribution at 

middle-low frequencies. The cavities of the unit cell played a vital role in the resonant stopband, so 

they improved the previously considered configuration by 30%. The TL peaks frequencies were due to 

the thickness of the AMM. Indeed, they were the same for all the configurations.  

The significant results in the acoustic part set a new AMM generation with various merits over 

traditional windows, including effective long term natural ventilation combined with customised noise 

reduction. However, in the next chapter, further optimisation steps that might clarify if this 

mechanism can be adapted to multiple and more conventional window’s shapes are investigated 

through numerical and experimental analysis.  
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5. AMM adaptation to real window 

design 
The contents included in this chapter have been published in the peer-reviewed journal Applied 

Sciences (MDPI) by the name of “A Metawindow with optimised acoustic and ventilation 

performance” (2021). 

In this chapter, the ergonomic criteria highlighted in Chapter 3. Participatory approach to draw 

ergonomic criteria for window design are considered to adapt the acoustic metacage system 

investigated in Section 4.3 Development of metacage for noise control and natural ventilation in a 

window system. Chapter 3 highlighted that 1) participants perceive the window as an essential 

mediating instrument between the indoor and the outdoor of a building; 2) through this feature, they 

feel connected to the outdoor environment; and 3) despite the non-optimal conditions, they feel 

oriented and perceive an improvement in the indoor's affective impact. These three design criteria 

were followed as guidelines when adapting the acoustic metacage to an ergonomic design. This 

project indeed aims to draw a new methodology for window design, which considers users' preferred 

aspects and combines them with a specific window's technologies. The window design would become, 

then, not only the mediator between the outside inputs and the indoor comfort, but it could even 

modulate the first one to optimise the second.  

 

5.1 Background 

Outdoor noise façade insulation, provisions for ventilation, and overheating mitigation have been 

commonly considered disconnected in building design developments. Consequently, strategies to 

control these different systems have been developed with entirely separated approaches involving 

building features [2]. Conventional windows, for example, allow visual connection with the outdoors, 

natural ventilation, and the partial acoustics isolation when closed; however, the way these 

mechanisms work forces the users to choose one function and to exclude the other and, of course, 

neither choice is conducive to indoor comfort [3–5]. So far, researchers have used several 

methodologies to overcome both problems by using, for example, mechanical ventilation [6], active 

or passive noise control systems [7–15].  These last ones consume less energy and can be built through 
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several features within the window, such as perforated and microperforated panels [8,16,17,123], 

porous materials [19–21,92], or acoustic metamaterials (AMMs) [23–28].  

AMMs, in particular, are artificially engineered composite structures with unique acoustic properties 

derived from the use of modern engineering and physics, which are unlikely to be found in natural 

materials. Their range of applications includes sound absorption [26], noise attenuation [29], acoustic 

wave manipulation [30], as well as asymmetric acoustic wave propagation[31], acoustic energy 

harvesting [32], acoustic holography [33] and topological acoustics [34]. Among these, applications to 

combine noise control with air transmission have received considerable attention from acousticians. 

Recently they focus on methods such as resonant based acoustic meta-absorbers [16,35], evolving 

into subwavelength coiled channels metamaterials [36,37], and a combination of labyrinthine AMMs 

with porous materials such as foam and cotton[25]. However, due to their bulky and visually invasive 

geometrical nature, complex geometries, or relatively narrow bandwidth, they sometimes limit 

architectural choices, such that the design of thin and visually pleasant metastructures embedded in 

window systems remains a challenge. 

In this project chapter, an acoustic metawindow (AMW) unit for broadband noise control (50 to 5000 

Hz) and natural ventilation is presented, and its performances are examined numerically and 

experimentally. Firstly, since our previous study numerically tested the feasibility of a metacage [263], 

the ergonomic window adaptation is investigated in order to determine the most regular window 

shape [4] with the closest noise control properties to the previous model [263]. This is not of 

immediate determination since the previous paper highlighted that acoustic properties are strictly 

related to the 3D geometry [263]. In this model, the AMM system is incorporated in the window frame 

space for noise reduction and ventilation, while the central area allows a visual connection between 

the outdoor and indoor environment. Secondly, the acoustic performance of the AMW unit is 

investigated experimentally to show the validity of the design. Through the experimental results, our 

developed numerical model is validated.  Thirdly, the influence of geometrical components and 

parameters is investigated to determine the optimal design set-up for the AMW unit in a wider 

frequency range. A combination of multiple perforations-cavities of different configurations further 

leads to realising a higher bandwidth noise control range. So, finally, the ventilation performance of 

the AMW unit needs to be investigated, including the acoustic optimised models. FEM is used for the 

acoustic and CFD analysis while experimental measurements are set to validate the 3D printed unit’s 

acoustic performance.  
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5.2. Materials and Methods 

The AMW unit’s validity is first numerically determined and then experimentally investigated to 

demonstrate if the AMW unit design is performative from an acoustic perspective. The window 

prototype's experimental measurements have been run in the anechoic chamber of the acoustics 

laboratory in the Department of Mechanical Engineering of the National University of Singapore (NUS). 

 

5.2.1 Analytical considerations on the geometrical adaptation 

This part of PhD work focuses on an AMW unit consisting of a cubic main body of volumetric dimension 

of 0.4mx0.4mx0.13m with an embedded AMM system in the window frame space, as shown in Figure 

5.1a. Each unit cell consists of N number of resonance cavities. The air gap g and length l of each cavity 

is dependent on the inclination α (Figure 5.1.b). The tailoring of the inner structure creates local 

resonances in order to form a stopband. The unit cell can be considered a waveguide attached to 

periodic scatterers in the lateral direction for flow exit. The theoretical wave propagation in this 

specific system generates an acoustic stopband related to the resonant tubular array and inspired by 

the acoustic black hole effect [268]. More details about the simulation results and theoretical analyses 

can be found in our previous publication [263]. The adaptation to a more ergonomic and common 

design is required for real application as a building feature. Following the analytical analysis from the 

previous acoustic metacage model [263], a specific impedance (Z1,2 ) and refractive index (n1,2) related 

to the different geometrical areas (Region 1 = R1 and Region 2 = R2) of the AMW unit are considered 

(see Figure 5.1.b). Due to the contrast in refractive indices of the two regions, the sound waves passing 

through the AMM unit cell experience an out-of-phase condition, and this phenomenon is proved 

regardless of the sound wave angle of incidence for any value of n. This physical principle is verified 

for the AMW unit, and the preliminary numerical analysis confirms it: the AMW unit design can be 

used as an omnidirectional sound barrier for all-angle incoming waves. 
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Figure 5.1 (a) Schematic representation of the acoustic metawindow structure (left) with an exploded view (right) where W 
is the AMW width (W=0.13 m). (b) Details of the AMW unit and a unit cell, including their geometries and dimensions. Here, 
L (L= 0.4 m) and W are the AMW constants, lengths, and width, respectively. The characterising measures of the ventilation 
cavities are respectively B = 0.095 m and C = 0.067 m. Other geometrical parameters are the number of space cavities N, 
length of each cavity l, rotation angle α, and channel air gap g (e.g. Distance between one flank and the other), their 
dimensions are: N = 4; l = 0.066 m, 0.05 m, 0.033 m, 0.016 m; α = 55°; g = 0.024 m. This geometrical configuration of the 
AMW unit and the related measures specified here were used for numerical and experimental analysis. 

 

5.2.2 Numerical analysis set up 

For the first stage, namely the numerical simulation, the FEM model was used. The 3D domain is filled 

with air, where air density (ρ=1.215 kg/m³) and sound speed (c=343 m/s) at room temperature 

(T=20°C) are used. The outdoor boundary is characterised by a plane wave radiating towards the 

receiving environment with a pressure amplitude of 1 Pa and an airspeed of the sound of 343 m/s, as 

a) 

b) 
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shown in Figure 5.2.a. The simulation study was performed using frequency domain analysis covering 

from 300 to 5000 Hz with a step size of 100 Hz. Such step size was considered the optimal arrangement 

for lower computational cost and general wide frequency range analysis. Of course, in case a more in 

depth analysis on a specific frequency range will be run, the step size of the frequency range must be 

modified accordingly. The lower bound of the frequency range is limited by the anechoic chamber’s 

cut-off frequency at 300Hz used in the experimental analysis. As it can be seen from the geometrical 

characterisation and measures in Figure 5.1, the 3D model is complex, and the required mesh size to 

reach 5000 Hz is 343/6/5000 = 0.011𝑚. Such fine mesh results in very computationally intensive 

models. For this reason, a coarser minimum mesh size of 0.023 m was used, which showed no problem 

to meet the convergence criterion. SPL RMS deviation between the standard and coarser mesh FEM 

models resulted to be averagely 0.081, so the mesh simplification can be considered as effective. 

Moreover, the FEM theory evaluates indeed comparisons between different meshes effectiveness by 

quantitatively estimating the convergence order of the FEM error on a sequence of progressively finer 

meshes obtained by uniform mesh refinement [191]. In this case, the graphical user interface (GUI) of 

COMSOL was used to determine the convergence of the results of the coarser minimum mesh size, 

which allowed to have a lower computation cost, while guaranteeing the convergence of the results. 

The simulation accuracy was later validated experimentally.  
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Figure 5.2(a) Schematic of boundary conditions used in numerical acoustics simulations; (b) 2D representation of 
experimental settings with m= 2m is the length of the anechoic chamber’s inner area; (c) photograph of the experimental set-
up in the anechoic chamber. 

The acoustic performance is evaluated by measuring insertion loss (IL) at three receiving points A, B, 

C, respectively, where A and B are normal to the AMW unit surface (0.2 and 0.5 m far), and C is on the 

side of it (0.2 m far) (Figure 5.2.b). The choice of these three specific points instead of a wider spatially-

averaged pressure level on the radiating side is mainly due to the lack of sound power measurement 

equipment.  

The IL is calculated by the difference between the sound pressure level (SPL) at each of these points 

with and without the AMW unit applied. So, the IL of the AMW unit is calculated as: 
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𝑰𝑳𝑨𝑴𝑾 = 𝑺𝑷𝑳𝒘𝒐𝑨𝑴𝑾 − 𝑺𝑷𝑳𝒘𝑨𝑴𝑾   (dB) 5.1 

where: 

• 𝑆𝑃𝐿𝑤𝑜𝐴𝑀𝑊 = SPL of experimental configuration without the AMW unit (dBA) 

• 𝑆𝑃𝐿𝑤𝐴𝑀𝑊 = SPL of experimental configuration with the AMW unit (dBA) 

 

5.2.3 Experimental set-up and Equipment 

The AMW unit was fabricated following the same dimensions of the numerical analysis model (Figure 

5.1) by using 3D printed Polylactic Acid (PLA, material properties; E= 1.28GPa, ρ=1210 kg/m3, and 

n=0.36), with fused deposition modelling technology (3D printer Fortus 350) (white geometry in Figure 

5.1.a). Moreover, a FusionPro laser cutter (by Epilog Laser) was used to cut transparent acrylic panels 

(of thickness 5mm and 2mm) to build the rest of the AMW unit (transparent part in Figure 5.1.a). The 

unit is placed at the centre of a small-size anechoic chamber (inner dimension is 2mx2mx2m, cut off 

frequency is about 300 Hz). The AMW is attached on the outdoor side with a VISATON loudspeaker 

coupled with a power amplifier FRS 10 WP 8 OHM No. 2101 by VISATON (frequency range from 90 Hz 

to 19000 Hz and input power of 25 W) connected to the computer of the laboratory as shown from 

Figure 5.2c. The model is fixed to the loudspeaker to avoid any sound leakage from the two systems 

junction. The SPL measurements were performed at the same three positions, A, B, C (Figure 5.2.b), 

using a sound level meter with a built-in FFT analyser (Aihua AWA6228), and reproducing white noise 

signal from the loudspeaker. IL was calculated following Equation  

𝑰𝑳𝑨𝑴𝑾 = 𝑺𝑷𝑳𝒘𝒐𝑨𝑴𝑾 − 𝑺𝑷𝑳𝒘𝑨𝑴𝑾   (dB) 5.1 

. 

 

5.2.4 Acoustic numerical optimisation 

The further broadband numerical analysis concerning acoustic optimisation follows the same 

boundary conditions described before. The numerical characterisation study of the AMW unit is 

performed due to the numerical and experimental methods agreement for IL calculation of such an 

AMM window system and the need for acoustic performance improvements on the lower frequency 

range. The AMM units' resonance volume is extended through the AMM unit cells’ lateral panels 

perforation, and its impact on the AMW unit broadband performance (10-5000 Hz) is investigated. 

Perforation was chosen as it allows to have a further resonant effect to be coupled with the one 

related to the flanks, which results more effective than the simple removal of the lateral panels (this 

will be further discussed and proved in section 5.4 Broadband potential optimisation of the AMW 
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unit’s acoustic performance). The AMM unit cells inner panels are perforated according to two 

different perforation ratios and two perforated panels positions, and the related IL is compared to the 

original AMW unit. The perforation ratio is calculated with the ratio between the whole inner panels' 

area and the perforated area. The single perforation hole has a diameter of 0.006 m. Moreover, to 

define the additional contribution of such perforations and the consequent increase of the resonating 

volume behind the AMM unit, we run a series of additional numerical analyses, which demonstrated 

the impact of such perforations over the lack of panels at the same position within the AMM unit. 

The final numerical computational fluid dynamic analysis on the ventilation potential of the AMW unit 

and its optimised versions follow the same geometrical set-up for the acoustic analysis, and more 

details can be found below. 

 

5.2.5 Computational fluid dynamic (CFD) analysis set-up 

The numerical ventilation analysis is used to assess the AMW unit: its initial geometrical model (the 

one also tested through experiments) and its acoustic-optimised versions.  A turbulent flow is set on 

the commercial software Comsol Multiphysics using the Rans method with k-ε turbulence model to 

calculate the environmental pressure drop (∆𝑝) caused by the different airflow velocities passing 

through the AMW unit models. The k-ε turbulent flow is used to simulate mean flow characteristics 

for turbulent flow conditions.  The ∆𝑝  is calculated considering the wall where the AMW unit is 

positioned and the AMW unit itself, which are considered respectively as wall and interior wall with 

no slip. The 3D domain is filled with air, where air density (ρ=1.215 kg/m³) is used at room temperature 

(T=20°C), while the inlet velocity is set from the inlet surface and characterised by with a maximum of 

1.132 m/s and a minimum of 0.5 m/s. The inlet surface is the same which before was representing the 

loudspeaker (or outdoor environmental noise) role, and the maximum normal wind velocity flow is 

set according to Asfour and Gadi criteria [288], depending on the height above the ground (20m) and 

the room height (3m). As our current study only focuses on sufficient natural ventilation under low 

Mach-number flow (typically below 0.1), the flow-induced noise is considered weak [289] and should 

not deteriorate the overall sound reduction performance. Moreover, due to the AMM unit cavities 

dimension (g=0.024 m and l = 0.066 m, 0.05 m, 0.033 m), the condition for the development of Rossiter 

tones may only develop on the shallowest cavity, since 𝑔 𝑙 ≥ 1⁄  [290]. Outlet flow conditions with 

101.325 Pa pressure are assigned to the indoor environment semi-spherical boundary to simulate the 

standard environmental indoor pressure. The geometric boundaries are the same as the acoustic FEM 

model, excluding the sphere radius, which is 0.72 m (1.44 m of diameter) within the assumption of 3 

m room height for Asfour and Gadi criteria [288]). Regarding the mesh size for this 3D study, this is 
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characterised by a maximum element size of 0.115 m and a minimum element size of 0.0144 m, with 

more refinements for the regions where the turbulences are expected to happen (especially applied 

for corners refinement within the AMW unit structure and in its proximity). The study is run by a 

stationary solver, for which the CFD analysis is dependent on pressure (p) and velocity (velocity, u, and 

velocity field components u,v,w). 

5.3. Acoustic performance based on experimental 

measurement  

5.3.1. AMW unit performance according to different user position 

Figure 5.3 shows the experimental study results, highlighting significant correlations between the 

microphones’ position and the consecutive IL AMW unit performance. For example, from Figure 5.3.a, 

it is observed that the IL graph shows a dome-like behaviour, typical of the sound reduction pattern 

of expansion acoustic ducts [279]. In addition, the peaks become lower as the position axis angle goes 

from perpendicular to parallel to the AMW unit application plane (see Figure 5.2.b) for spatial 

reference). This, in turn, reduces the IL from a mean value of 11.9 dB at point A and 10.8 dB at point 

B to a mean value of 2.7 dB at point C. This difference is noticeable in the high-frequency range (2000-

5000 Hz). A smaller difference of average 1.1 dB is also shown between the IL results of points A and 

B, showing that the AMW unit performs better when the user is placed on the perpendicular axis (e.g. 

in front of the window) rather than on the parallel one. 

 

5.3.2 AMW unit performance on the lower frequency range (500-

1000 Hz) 

It is also necessary to notice that in the frequency range below 380 and between 700-900 Hz, the IL 

related to point B goes below zero. Since the sound wave that passes through the AMW unit is then 

refracted through the four openings on the window frame, such configuration might originate new 

noise sources characterised by a different mode that varies in the space. So IL dips measured in Points 

B and C are probably due to a superposition of the sound wave’s low-frequency component when it 

exits from the four openings on the window frame. For this reason, while in point B measurements, 

there is such a low dip between 700-900 Hz, from the graph of IL(A), this is much higher (IL(A-B) =10.6 

dB). Generally, excluding the frequency range of 700-900 Hz for IL(B), the sound wave pressure level 
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on a broad frequency range from 300 to 5000Hz is shown to be significantly affected by the AMW unit 

system.  

 

Figure 5.3 (a) Experimental analysis results in terms of IL related to measurement points A, B, and C; (b) Comparison of IL 
results related to the numerical and experimental studies on point A and B: six peaks are distributed along with the overall 
range, where the first is between 300-1000 Hz, the second between 1000-2000 Hz, the third between 2000-3000 Hz, the forth 
between 3000-4000 Hz, and the fifth and the sixth between 4000-5000 Hz. 

Table 5.1 CV value calculated between the numerical results values and the experimental results values of specific frequency 
ranges. 

 Frequency ranges (Hz) 

 300-1000 1000-2000 2000-3000 3000-4000 4000-5000 

CV (A) 36.34 % 28.05 % 39.55 % 22.63 % 28.62 % 

CV (B) 89.45 % 33.07 % 32.97 % 21.80 % 39.92 % 

 

a) 

b) 
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5.3.3 Determination of the coefficient of variation for the validation of 

numerical method through the experimental results 

The numerical method is validated through experimental results in terms of IL and about each 

measurement point. IL slopes are observed with their characterising peaks and dips in terms of 

coefficient of variation (CV) according to the frequency range: 

𝑪𝑽 =
𝑹𝑴𝑺𝟏

𝑹𝑴𝑺𝟐
× 𝟏𝟎𝟎   (%) 5.2 

where the Root Mean Square (𝑅𝑀𝑆1−2) express the measure of the magnitude IL values and is 

used to determine standard deviation and mean between the numerical and experimental results 

values: 

𝑹𝑴𝑺𝟏 = √∑ (𝑰𝑳𝑵𝒖𝒎,𝒊 − 𝑰𝑳𝑬𝒙𝒑,𝒊)
𝟐𝑵

𝒊=𝟏

𝑵
 

 

5.3 

where: 

• 𝑅𝑀𝑆1= RMS to determine the standard deviation. 

• 𝐼𝐿𝑁𝑢𝑚,𝑖= IL calculated from the numerical method. (dB) 

• 𝐼𝐿𝐸𝑥𝑝,𝑖= IL calculated from the experimental method. (dB) 

• 𝑁 = sample size. 

𝑹𝑴𝑺𝟐 = √
∑ 𝑰𝑳𝑬𝒙𝒑,𝒊

𝟐𝑵
𝒊=𝟏

𝑵
 

 

5.4 

where: 

• 𝑅𝑀𝑆2= RMS to determine the mean. 

 The CV is the standard deviation ratio to the mean and shows the variability of the population’s 

mean. So, the higher the CV, the greater the dispersion RMS. 

Figure 5.3.b compares IL results at points A and B obtained from the experimental measurement 

and numerical simulation. From the graphs, six peaks distributed along the frequency range are 

possibly highlighted (see Figure 5.3.b). The simulation curve can capture the main variation trend and 

the occurrence of IL peaks well. The CV, as defined in Eq. 5.2, is used to evaluate the correspondence 

between experiment and simulation. Table 5.1 shows the values of CV in the sub-divided frequency 

ranges. A generally good agreement between numerical and experimental results can be found within 
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the broad frequency range: CV is always below 40%, excluding the CV (B) at low frequencies (300-1000 

Hz).  

The discrepancies between experimental and simulation curves can be possibly attributed to a few 

reasons. First, the frequency step size adopted by the simulation is much wider than that used in the 

experiment, mainly limited by the heavy computation cost. Therefore, simulation captures IL's 

magnitude and variation behaviour while neglecting the frequency fluctuations. Second, the 

experimental set-up slightly differs from the numerical model, mainly in the sound source condition 

and the IL evaluation points. In the numerical simulation, a plane wave is assumed to impinge on the 

AMW, partially reflected back and partially transmitted through the structure. The IL is then calculated 

from the results with/without the AMW. While in the experiments, the AMW is attached to a 

loudspeaker, which forms a much more complicated system than the assumed plane wave incidence. 

The reflected waves cannot exit freely from the inlet duct, and the measured IL can possibly couple 

with some loudspeaker characteristics such as the resonances of the membrane, cavity, and so forth. 

Meanwhile, the IL is evaluated at two selected points, although ideally, IL could be measured by the 

overall reduction of radiated sound power level, which could further improve the correlation accuracy. 

Third, the AMW prototype made of acrylic panels may vibrate during IL measurement, and the 

simulation does not consider this structural sound transmission path. The relatively small anechoic 

chamber and geometric imperfections during prototype fabrication may also lead to some errors. 

Generally, the simulation and experiment's general correspondence is acceptable, which allows using 

the model for some parametric studies.  

 

5.4 Broadband potential optimisation of the AMW 

unit’s acoustic performance  

A further broadband potential optimisation of the AMW unit’s acoustic performance is investigated 

next. The numerical characterisation study of the AMM unit is indeed performed due to the numerical 

and experimental methods agreement for IL calculation of such AMM window system and the need 

for acoustic performance improvements on the lower frequency range. The resonating volume 

extension through AMM unit cells panels perforation is investigated to reach a resonance that affects 

low-frequency bandwidth wavelength. The study this time is performed between a frequency range 

of 10-5000 Hz. As a comparison, three models with different perforating percentages and dispositions 

are studied and compared to the IL performance of the original frame model concerning point A 

measurements. Only the frame’s corners' inner sides are modified accordingly with a 14 or 7 % 
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perforation ratio (where the percentage is calculated with the ratio between the whole inner panels' 

area and the perforated area). As illustrated in Figure 5.4.a, configuration A (with 14% of perforation 

of the area of the overall panels) has a resonating volume of 13,85 x 10-4 m3 (see Figure 5.4.a). 

Configuration B has 7% of perforation on the panels belonging to 2/4 of the same AMM units, while 

configuration C has 7% of the overall panels' area's perforation applied on one panel of each AMM 

unit. In these two last models (B and C), the resonating volume reaches 15.40 x 10-4 m3, and the 

perforated panels within the AMW unit geometry are placed differently to investigate if the 

perforation position is a determinant parameter for the AMW IL. 

Figure 5.4.b shows that the IL performance of the acoustically optimised configurations B and C 

improves from 50 to 5000 Hz with an average increase of 11 dB from the original frame window model. 

This is because the resonant volume is increased significantly and can control the wavelength of lower 

frequency bandwidths. On the other hand, the IL curve in Figure 5.4.b also shows that for 

Configuration A, there is no significant difference with the normal frame performance except for a 

significant average improvement of 5 dB in the frequency range 700-1200 Hz. Consequently, such 

small resonance volume addition does not improve the AMW unit performance significantly on 

broadband. So configuration B and C work more efficiently when compared to either the original 

configuration or configuration A because they allow the AMM unit to have the biggest resonating 

volume, showing that the perforation percentage is a crucial factor for the design of such AMM 

window, especially at low frequencies (50-800 Hz) where they reach an average of 15 dB of IL. On the 

other side, it is important to note that the perforated panels’ disposition does not seem crucial, 

meaning IL’s most influencing parameter is the additional resonant volume (so the panels’ perforating 

percentage).  
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Figure 5.4 (a) Sketches of the AMW unit upgraded models through the perforation of the AMM unit frame side panels (the 
position of the perforated panels is shown in the section schematic with blue thicker lines); (b) IL numerical comparison 
between the original AMW unit model and the perforation characterised ones (A-C); (c) flanks contribution assessment in 
combination with the resonant volume extension (through perforation). 

Furthermore, since an additional characterisation of the geometry has been introduced in the AMW 

unit, it is fundamental to assess that the contribution of the original AMM unit cell (see Figure 5.1.b), 

especially focusing on the cavities is still in place. For this reason, another numerical analysis is 

conducted by removing from the internal sound hard boundaries the unit cells panels interested by 

the perforation for each configuration (A, B, and C) and calling them A’, B’, and C’. Then the difference 

between the IL of the configurations A, B, and C, and the IL of A’, B’, and C’ is calculated as ∆𝐴 − 𝐴′ =

𝐼𝐿𝐴 − 𝐼𝐿𝐴′ and so on, (see Figure 5.4.c). This schematic proves that resonance coupling of flanks and 

a) 

b) 

c) 
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corners is especially visible for ∆ B-B’ and ∆ C-C’, where IL’s positive value shows an efficient 

combination of the two acoustic techniques where the contribution of the flanks is still visible. 

 

5.5 Integrated optimisation of acoustics and ventilation  

The proposed configurations’ ventilation performance is finally numerically investigated through a 

FEM computational fluid dynamic (CFD) model. In the numerical analysis, the air was set to flow 

through each configuration, and the corresponding responses were analysed for different inlet 

velocities and different ventilation opening percentages. Figure 5.5.a shows the pressure drop against 

inlet air velocities for different AMW configurations, while Figure 5.5.b shows the same parameter 

results for configuration B for different airflow and a different percentage of the ventilation opening 

values. An increase of the required pressure differential across the AMW is observed proportionally 

to the increasing flow rate. Moreover, a higher pressure drop is resulted from an AMW with 13% of 

ventilation opening, demonstrating that the smaller ventilation openings offer high airflow resistance, 

as the static airflow resistance. This is because the static airflow resistance 𝜎𝑓 is indirectly proportional 

to the ventilation opening ( 𝜎𝑓 = 8𝜂 𝜓(0.5𝑑𝑣)2⁄ , where 𝜂 is the dynamic viscosity of the fluid, 𝜓 is the 

percentage of the opening, and 𝑑𝑣  is the opening diameter). [12] It is evident that as 𝑑𝑣  becomes 

smaller, 𝜎𝑓 increases rapidly, and due to buoyancy forces results in a high pressure drop (Δ𝑃 = −𝜎𝑓𝑣𝑎 

where 𝑣𝑎  is the airflow velocity) across the AMW unit. [291] Consequently, most of the AMW 

configurations are suitable for natural ventilation, and a dynamic tuned ventilation capacity can be 

achieved for particular ranges by adjusting the models' ventilation opening. 

 

Figure 5.5 Pressure drop against inlet air velocities (a) for different AMW configurations and (b) for configuration B with 
different per-centage of the ventilation opening values. 

b) a) 
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It is worth mentioning that this study is intended to present a preliminary evaluation of the ventilation 

and acoustic performance of the AMW unit, where the effect of flow-induced noise is neglected. As 

the AMW structure comprises cavities along the flow path, Rossiter tones may occur aerodynamically. 

Previous studies have investigated the effect of low Mach-number flow (below 0.1) on a similar system 

comprising cavities and perforations, which found that the maximum deviation between no flow and 

Mach 0.1 is around 10 dB, mainly at the attenuation peak [292]. Therefore, as ventilation only requires 

very low flow speed, the current simplification by neglecting aerodynamic noise is considered to be 

reasonable. The results in the absence of flow could also set a baseline for future comparisons with 

the flow.  

 

5.6 Conclusions 

In conclusion, in this project chapter, we designed a metawindow unit system and examined the 

acoustic and ventilation performance numerically and (for the acoustic part) experimentally. Both 

numerical and experimental results showed a significant IL within a frequency range of 300 to 5000 

Hz, and the agreement between them was proved. Acoustic optimisation was numerically investigated 

by extending the resonant volume until including the whole corners’ areas. Two of the new 

configurations (B and C) showed to significantly reduce noise on a broad frequency range of 50 to 

5000 Hz. They are specifically more effective on a low-frequency range within 50-1000 Hz, where they 

improve the original model’s performance of averagely 15 dB. They also seem to be acoustically 

improved from configuration A, making the perforated panels’ percentage crucial. The ventilation 

performance was also assessed, and it proved that most of the AMW configurations are suitable for 

natural ventilation and that the ventilation capacity can be tuned according to different ranges by 

adjusting the window’s ventilation opening.  

While the significant results in the acoustic and ventilation analysis showed advantages over the 

standard ventilation AMMs (such as effective long term natural ventilation combined with customised 

broadband noise reduction), further optimisation steps might clarify if this mechanism can be applied 

to different window’s shapes and dimensions, or wider environmental settings with different inlet 

flow conditions and room characterisation.  
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6. AMW unit effect on the human 

perception 
The contents included in this chapter will be submitted for publication in relevant international peer-

reviewed journals. Part of section 6.3 Psychoacoustic effect of the AMW unit has been published in 

the peer-reviewed journal Building Acoustics (Sage) by the name of “Design of urban furniture to 

enhance the soundscape: A case study” (2018) [47]. 

In this chapter, the model of the AMW unit investigated in Chapter 5 AMM adaptation to real window 

design is going to be validated through the psychoacoustic and human perception spheres. In this way, 

the alignment of the AMW unit ergonomic development with the ergonomic criteria explained in 

Chapter 3. Participatory approach to draw ergonomic criteria for window design will also be tested. 

The ergonomic criteria are: 1) participants perceive the window as an essential mediating instrument 

between the indoor and the outdoor of a building; 2) through this feature, they feel connected to the 

outdoor environment; and 3) despite the non-optimal conditions, they feel oriented and perceive an 

improvement in the indoors affective impact. If these criteria are respected, this chapter of the PhD 

study will represent a first experimental application of the ergonomic design criteria explained in 

Chapter 3. The window design would become, then, not only the mediator between the outside inputs 

and the indoor comfort, but it could even modulate the first one to optimise the second.  
 

6.1 Background  

AMMs have lately opened up a wider range of applications in building acoustics, also related to the 

simultaneous natural ventilation/thermal regulation [23–25,27,28,189,263]. In addition, these 

materials play a key role in the regulation of indoor comfort from the users’ perspective through 

building features[16,26,35]. Ergonomic design criteria related to some of these features, such as the 

window, have been drawn recently [4]; however, there are no clear guidelines on how to assess the 

effectiveness of an AMM based feature design from a psychoacoustic and human perceptional point 

of view.  

In this part of the PhD thesis, a new method for evaluating AMMs based on human perception is 

presented. Starting from several definitions of psychoacoustic parameters and soundscape 

descriptors [49,293], the effect of the AMM based window is applied to a number of ordinary 
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environmental acoustic scenarios [225]. Through a mixed experimental methodology, human 

preferences and perceptions regarding each filtered acoustic environment are investigated. As a result, 

customisable AMM-based window design could be applied to specific indoor functions following the 

previously established ergonomic design criteria [4].  

This study aims at validating the presented AMW unit model from a human perception point of view. 

Moreover, the methodology used could be integrated and also used for other AMMs based 

architectural features design. Therefore, experimental parametric and experimental questionnaire 

methods are carried out synergically to determine an optimal way to investigate such a 

multidisciplinary research question. Through such a new methodology, the impact of the AMW unit 

on the environmental indoor human perception would be assessed, creating a new paradigm for AMM 

based systems for natural ventilation/heating control combined with noise reduction systems. 

 

6.2 Materials and methods 

The AMW unit’s effect on seven soundscape recordings is first experimentally recorded and then 

analysed in terms of psychoacoustic parameters. Furthermore, on a second stage of the study, the 

AMW unit effect recordings are presented randomly and in a non-identifiable way to 85 participants. 

Their perception is investigated through an experimental laboratory and online questionnaire. The 

window prototype's experimental recordings and measurements have been run in the anechoic 

chamber of the acoustics laboratory in the Department of Mechanical Engineering of the National 

University of Singapore (NUS). The experimental laboratory questionnaire was conducted in a 

controlled environment room at the University of Perugia (IT). 

 

6.2.1 Experimental setup for the input signals  

The AMW unit was fabricated following the same dimensions of the numerical analysis model (Figure 

5.1). The same procedure was explained in Chapter 5 AMM adaptation to real window design. 3D 

printed Polylactic Acid (PLA, material properties; E= 1.28GPa, ρ=1210 kg/m3, and n=0.36), with fused 

deposition modelling technology (3D printer Fortus 350) (white geometry in Figure 5.1.a) was used for 

the internal parts. FusionPro laser cutter (by Epilog Laser) was used to cut transparent acrylic panels 

(of thickness 5mm and 2mm) to build the rest of the AMW unit (transparent part in Figure 5.1.a). The 

unit is placed at the centre of a small-size anechoic chamber (inner dimension is 2mx2mx2m, cut off 

frequency is about 300 Hz). The AMW is attached on the outdoor side with a loudspeaker coupled 
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with a power amplifier FRS 10 WP 8 OHM No. 2101 by VISATON (frequency range from 90 Hz to 19000 

Hz and input power of 25 W) connected to the computer of the laboratory as shown from Figure 

5.2.b,c. The model is fixed to the loudspeaker to avoid any sound leakage from the two systems 

junction. The SPL measurements were performed at the same three positions, A, B, C (Figure 5.2.b), 

using a sound level meter with a built-in FFT analyser (Aihua AWA6228). IL was calculated following 

Equation  

𝑰𝑳𝑨𝑴𝑾 = 𝑺𝑷𝑳𝒘𝒐𝑨𝑴𝑾 − 𝑺𝑷𝑳𝒘𝑨𝑴𝑾   (dB) 5.1 

. 

 

6.2.2 Experimental setup for the laboratory human perception 

questionnaire 

NEXT.ROOM is a laboratory facility specifically designed to perform multi-domain human comfort 

studies. The facility (4x4x2.7 m) is located inside the laboratories of the Engineering Campus of the 

University of Perugia (Italy, Cfa Köppen-Geiger climate class [294]). 

The test room indoor conditions are thermally controlled through both air conditioning and a radiant 

system. During the presented experimental campaign, all the surfaces were conditioned at the same 

temperature to provide a homogeneous thermal environment. The NEXT.ROOM lighting system 

comprises four LED panels presenting constant luminous flux (3200 lm) and Correlated Color 

Temperature (4000 K). These were the only light sources during the present experimental campaign. 

According to the standards [295], internal conditions are continuously monitored for assessing 

thermal, visual, and air quality status. No specific audio systems are currently installed in the NEXT. 

ROOM and the presented experimental campaign provided acoustic stimuli through wired noise-

cancelling headphones (model WH-1000XM4, by Sony).  

The internal background noise level was mapped through a sound level meter (model SOLO SLM, by 

10dB) on a 9-points grid at 1.10 m height (which corresponds to the average height of a sitting person 

auditory system) in order to capture the background noise contributed by different fan speed settings 

of the mechanical ventilation (MV) system (Figure 6.1.a). The acoustic measurements were carried 

out under five internal conditions (MV off and MV operating at the four available levels of inlet flow). 

Figure 6.1 shows the measured background noise with MV off (off in Figure 6.1.b). MV could also 

operate at the second and fourth levels of inlet flow. Overall, as expected, the sound level of internal 
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background noise increases directly with the MV's intensity. Sound pressure level (SPL) peaks are 

highlighted at a low-frequency range (below 500Hz). 

 

Figure 6.1 NEXT.ROOM background noise level analysis considering the MV system off and operating at second (L2) and 
fourth (L4) levels of inlet flow. The sound level meter was placed at 1.1m of height at each measurement point. 

Each subject listened to and evaluated seven different environmental sound recordings comprising 

the following categories: #1 Beach, #2 Woodlands, #3 Quiet Street, #4 Pedestrian Zone, #5 Park, #6 

Shopping Mall, and #7 Busy Street. The following eight soundscapes descriptors are considered in this 

study: pleasant, chaotic, vibrant, uneventful, calm, annoying, eventful, monotonous [296,297]. 

The questionnaire-based study was set through Gorilla, an online platform. The questionnaire was 

developed through 15 questions. The first was open reply-based, while the other 14 were based on a 

5 point Likert scale. 

The comprehensive list of questions was: 

1. While listening, please write down in the following tab any sound sources you can identify in this 

sound environment (please separate each sound source with a comma). 

2. How did you hear the following four sounds? (Not at all; A Little; Moderately; A lot; Dominates 

Completely) (each sound source is here addressed with a different letter from A to D): 

2.A Traffic Noise (cars, bus, trains, aeroplanes, etc.) 

2.B Other noise (e.g. sirens, construction, industry, loading of goods) 

2.C Sounds from human beings (e.g. conversation, laughter, children at play, footsteps) 

2.D Natural sounds (e.g. singing birds, flowing water, wind in vegetation) 
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3. For each of the 8 scales below, to what extent do you agree or disagree that the outdoor public 

space you heard is... (Strongly Agree; Somewhat Agree; Neither; Somewhat Disagree; Strongly 

Disagree) (each soundscape descriptor is here addressed with a different letter from A to H) 

3.A Pleasant 

3.B Chaotic 

3.C Vibrant 

3.E Uneventful 

3.F Calm 

3.G Annoying 

3.H Eventful 

4. Overall, how would you describe the outdoor public space you have just heard? (Very good; Good; 

Neither bad nor good; Bad; Very bad) 

5. How loud would you say this environment was? (Not at all; Slightly; Moderately; Very; Extremely) 

The complete Questionnaire structure is shown in Appendix A - Online Questionnaire related to 

experiment described in Chapter 6. 

6.2.3 Participants 

In this project, the sampling is quite open since the study's aim includes all the different kinds of users 

of indoor spaces. Approval from the Ethics Committee from the University of Sheffield was received 

before starting the experiment. For this AMW unit human perception experiment, the recruitment 

was done through the University of Sheffield, the A*STAR and University of Perugia students and staff, 

and Sheffield's, Singapore’s and Perugia’s residents. The whole group of participants included 85 

individuals, of which 39 females, 43 males, and 1 non-binary with age between 20 and 60 years old, 

hailing from Europe and North Africa (77%), Asia (19%), America (4%), and Australia (1%). It is essential 

to highlight that the study focused on the different backgrounds that would have defined 

correspondent factors under contextual experience (demographical, space usage, and psychological). 

[255] Hence, window design investigation is still at a global environmental stage in terms of 

history/heritage, ethnicity, geography and economic situation.  

The following graphs (Figure 6.2, a-c) show the participants' characteristics regarding gender, age, and 

nationality. 
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Figure 6.2 Background of the participants: (a) gender, (b) age, and (c) nationality. 

 

6.3 Psychoacoustic effect of the AMW unit  

Following the EU Directive on Environmental Noise [116], certain noise levels during the day and night 

time must be ensured to guarantee the people a limit of exposure to sounds in public spaces, which 

kept increasing during the last 50 years due to the wild urbanization worldwide. According to WHO 

the 30% of the EU population is exposed to noise levels exceeding 55 dB(A) during nighttime [298]. 

However, since Schafer [280] defines the soundscape concept, a new methodology more focused on 

people’s psychoacoustic perception of spaces has entered modern acoustics. Simultaneously, new 

soundscape inspired descriptors focused on people perception in specific soundscape environments 

(called psychoacoustic parameters) were added to the standard ones (as the A-weighted SPL) 

[47,49,299,300]. The use of such new parameters is also encouraged by the International Organization 

for Standardization, which defines soundscape as ‘the acoustic environment as perceived or 

experienced and/or understood by a person or people, in context’.[301] Therefore, it is clear how this 

new acoustic approach put more effort into enhancing the more pleasant sounds rather than the mere 

reduction of the noise level. [302]  

Psychoacoustic parameters have been selected to study the capability of the AMW unit prototype to 

facilitate the perception of desirable sounds coming from the outdoor, which can be considered one 

of the most important features which influence the global assessment of public and private indoor 

spaces quality [225]. The selected parameters have been used to evaluate the recorded data from the 

anechoic chamber tests through a descriptive analysis of the effectiveness of the AMW unit on the 

a) b) c) 
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user performed through the HEAD Artemis 11.0 software. The present research has been developed 

through the study of a physic parameter, such as SPL, and psychoacoustic parameters such as loudness 

(N), roughness (R), sharpness (S) and fluctuation strength (FS), to evaluate the effect of the AMW unit 

in the seven experimental acoustic environments. Perception of sounds involves a complex chain of 

events to interpret the information contained in sound signals emitted from sound sources [303]. 

While sound parameters (such as SPL and Insertion Loss, that is, the difference in SPL measured with 

and without the AMW unit) can help in the study of the physical tolerance of the human organ of 

auditory perception, psychoacoustics is the science of sound perception, investigating the statistical 

relationship between acoustic stimuli and hearing sensations. This section examines the variations of 

the analysed parameters expressed as arithmetic averages over all the values related to different 

soundscape recordings. The obtained values are expressed with respect to the two different 

configurations (with and without the AMW unit), the seven different environmental recordings and 

the three positions of the microphone.  

In order to verify the efficiency of the AMW unit in improving the user acoustic comfort conditions, it 

is necessary to detect the minimum differences in these metrics which are subjectively perceived: just 

noticeable differences [304], ∆MIN, for each parameter used for the analysis: 3 dB for SPL, 32 phon 

for loudness, 17% asper for roughness, 0.04 acum for sharpness and 17% vacil for fluctuation strength. 

Moreover, for the sake of simplicity, the microphone position is labelled with letters from a to c as it 

changes in terms of distance from the point where the source is perpendicular to the AMW unit and 

0.2m and 0.5m far perpendicularly (respectively measurement point a and b) and 0.2m far laterally 

(measurement point c) (see Figure 5.2.b). Environmental recordings are labelled by numbers from 1 

to 7 as described in the introduction of this chapter: beach (#1), woodlands (#2), quiet street (#3), 

pedestrian zone (#4), park (#5), shopping mall (#6), and busy street (#7).  

For each psychoacoustic parameter, the value ∆X has been considered as the difference of the 

parameter X, evaluated with and without the AMW unit interposed between the source and the 

microphone. Then each ∆X value has been divided by each specific ∆MIN to determine how 

perceivable is the AMW unit contribution in terms of psychoacoustic parameters (Eff(X)). Below is 

shown an example with (Eff(N)): 

𝐸𝑓𝑓(𝑁) =
∆𝑁

∆𝑀𝐼𝑁
 

 

6.1 

where  

∆N= Nwithout- Nwith 
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∆MIN= just noticeable difference from a human hearing system in terms of each psychoacoustic 

parameter [304] 

Figure 6.3 shows the effectiveness of the AMW unit contribution according to different environmental 

recordings (#1-7) and different measuring points in the anechoic chamber (a-c). Loudness (N) is 

effectively reduced according to the analytical analysis. Specifically for a perpendicular distance of 0.5 

m, the user can perceive an average of 3 times the ∆MIN in terms of sone. So the AMW unit reduces 

the N component consistently in most of the recorded environments. A significant decrease of 

Roughness (R) is also perceived in terms of ∆MIN through the application of the AMW unit. As in the 

N case, soundscape 1 and 7 are those where its contribution is more perceivable. This is probably due 

to the high pitch components of the recordings (see Figure 6.8, and Figure 6.14). Differently from the 

N perception, the R seems to be reduced sensibly through the model also in measurement point c, 

showing an overall significant impact of the AMW unit on this psychoacoustic parameter. Sharpness 

(S) is influenced by the AMW unit consistently overall for all the measurement points. It is useful to 

observe that, especially in measurement point b, soundscape 1, 4, 6 are influenced the most from the 

AMW unit. These recorded acoustic environments are also those with middle-high frequency peaks 

reduction (100-4500 Hz) ( see Figure 6.8, Figure 6.11, Figure 6.13). Finally, Fluctuation Strength (FS) 

∆MIN is also perceived through the application of the AMW unit. However, the contribution is mostly 

negative in this psychoacoustic parameter. This is inversely related to S, and it is highlighted in 

recording  #6 (Shopping Mall), where FS seems to be amplified by the model in measurement point b. 

All parameters are not effectively changed in the measurement point c. The reason is probably due to 

the directness of the sound wave towards point c, which is also the closest to the ventilation openings. 

 

-5

0

5

10

0 1 2 3 4 5 6 7

Eff(N)

a b c

a)

-2

0

2

4

6

0 1 2 3 4 5 6 7

Eff(R)

a b c

b)



Gioia Fusaro - PhD Thesis 
 

182 
 

  

Figure 6.3 Effectiveness of the AMW unit (EffX) according to four psychoacoustic parameters: a)Loudness (N), b) Roughness 
(R), c) Sharpness (S), and d) Fluctuation Strength (FS). The graphs show data gathered from the three measuring points 
showed in Figure 5.2.b. X axis represents the recorded sound environments, ordered from the most natural to the most 
artificial one: beach (#1), woodlands (#2), quiet street (#3), pedestrian zone (#4), park (#5), shopping mall (#6), and busy 
street (#7). 

 

6.4 AMW unit effect on human perception 

First of all, results from the human perception over the AMW unit contribution will be discussed 

broadly (including laboratory and online experiments). Since there is no available methodology to 

conduct such an experiment on an AMM based design, a new method had to be drawn, and so, even 

if the focus of this PhD thesis is to demonstrate the effectiveness of the AMW unit, a discussion on 

the robustness of the method is needed. In a further section, the robustness and limitation of such a 

method will be discussed. 

 

6.4.1 AMW unit effect through soundscape descriptors 

Through the laboratory and online questionnaire, the seven proposed soundscape recordings with 

and without the effect of the AMW unit (14 recordings in total) were evaluated qualitatively by the 

participants. The recordings were presented randomly. Soundscape descriptors helped the 

participants to describe each listened recording in terms of the following adjectives: eventful, vibrant, 

pleasant, calm, uneventful, monotonous, annoying, and chaotic[297,299]. The scale used to rate the 

14 recordings were based on five votes: strongly agree, somewhat agree, neither, somewhat disagree, 

and strongly disagree. During both the laboratory and online questionnaire, the participants did not 

have a time limit to evaluate each listened recording and replay it as many times as possible. This 

section will analyse the overall participants' evaluation according to each soundscape and compare 

the recordings with and without the AMW unit. Due to their 5 point Likert scale nature, a ponderation 
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was performed to allow clearer visualisation of different soundscape recordings evaluation. 

Participants' responses for each soundscape recording were multiplicated times 0 to 4 according to 

the participants' rate. Respectively, ‘strongly disagree’ rates were multiplied times 0, ‘somewhat 

disagree’ rates were multiplied times 1, ‘neither’ rates were multiplied times 2, ‘somewhat agree’ 

rates were multiplied times 3, and ‘strongly agree’ rates were multiplied time 4. Through this 

ponderation process, the overall soundscape descriptors showed in Figure 6.4 were calculated as: 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑛𝑑𝑒𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑡𝑒 =  ∑ 𝑋0 ∙ 0 + 𝑋1 ∙ 1 + 𝑋2 ∙ 2 + 𝑋3 ∙ 3 + 𝑋4 ∙ 4 

 

6.2 

 
where  

X0= total ‘strongly disagree’ votes for specific soundscape recordings 

X1= total ‘somewhat disagree’ votes for specific soundscape recordings 

X2= total ‘neither’ votes for specific soundscape recordings 

X3= total ‘somewhat agree’ votes for specific soundscape recordings 

X4= total ‘strongly agree’ votes for specific soundscape recordings 

 

Figure 6.4.a shows the overall participants evaluation of the first six soundscape recordings: #1 Beach 

(without and with the AMW unit), #2 Woodland (without and with the AMW unit), and #3 Quiet street 

(without and with the AMW unit). Overall the original three soundscape recordings (without the AMW 

unit) are perceived much more eventful and vibrant than the other configuration (with the AMW unit). 

On the other hand, the AMW unit effect increases the monotonous and uneventful component 

significantly (20% more), especially for the #1 Beach and #3 Quiet street. Furthermore, #2 Woodland 

is negatively affected in terms of pleasantness, 17% less than the original one. 

The participants' evaluation of soundscape recordings #4 Pedestrian zone and #5 Park are showed in 

Figure 6.4.b. Also, the participants perceive an overall significant decrease in eventfulness, vibrancy, 

and pleasantness. These two soundscapes recorded with the effect of the AMW unit are judge sensibly 

more monotonous and uneventful than the original recordings (especially #5 Park_w, 26% more 

monotonous and 22% more uneventful). They are showing then a general neutralisation of the heard 

environment through the window prototype.  

Figure 6.4.c shows the overall participants evaluation of the last six soundscape recordings: #6 

Shopping Mall (without and with the AMW unit) and #7 Busy street (without and with the AMW unit). 

Overall the configuration with the AMW unit is perceived as less chaotic and eventful. However, in the 
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case of #6 Shopping Mall, this configuration is perceived as slightly more annoying. According to Di 

Blasio et al., this could be because, in this soundscape, there are many “talking sources” that include 

music playing, people chatting, and radio advertisement [305]. As explained by Di Blasio et al. and also 

Haapakangas et al., our brain tends to pay much more attention to these sorts of sources, rather than 

music or natural sound sources, because it naturally tries to understand the message they are 

communicating [305,306]. Therefore, since the application of the AMW unit tends to neutralise each 

specific sound source, including the “talking” ones, participants naturally feel slightly annoyed because 

its message cannot be easily elaborated. So this is probably why they judge the recording as more 

annoying than the original one.  
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Figure 6.4 Overall participants evaluation of the 14 soundscape recordings: #1 Beach (without and with the AMW unit), #2 
Woodland (without and with the AMW unit), #3 Quiet street (without and with the AMW unit), #4 Pedestrian zone (without 
and with the AMW unit),  #5 Park (without and with the AMW unit), #6 Shopping Mall (without and with the AMW unit), 
and #7 Busy street (without and with the AMW unit). 

 

6.4.2 AMW unit effect on Loudness through psychoacoustic analysis 

and human perception evaluation  

The loudness of a soundscape is crucial for both human wellbeing and comfort [296]. Hong et al. 

demonstrated how perceived loudness could directly influence the soundscape quality and so the 

physical stress that a person may develop from it. At the same time, Hong et al. argue that higher 

Loudness can be an expected and so pleasant component in specific recreative environments such as 

concerts and recreational activities. In this study, Loudness has been analysed analytically through the 

HEAD Artemis suite (representing the magnitude of an auditory sensation and calculated according to 

ISO 532-1 [307]) and experimentally through the participants' evaluation. It is important to compare 

the loudness of the soundscape recordings, from the psychoacoustic analytical analysis and the human 

perception point of view, to define how standardised the questionnaire results can be. If they do 

correspond, then maybe the method used is validated from the psychoacoustic evaluation side.  

The two Loudness (Psychoacoustic and Perceived) are compared in Figure 6.5 with two different 

evaluation scales highlighted on the left. Psychoacoustic Loudness is expressed as determined by 

Equation 1.17. In contrast, Perceived Loudness evaluated all the soundscape recordings by the 

laboratory and online experiment participants with a 5 Likert scale (Not at all Loud, Slightly Loud, 

Moderately Loud, Very Loud, and Extremely Loud). The results compared in this schematic should be 

evaluated as inversely proportioned, which means that a higher level of Eff(N) corresponds to a lower 
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rate of Perceived Loudness. From Figure 6.5, a correspondence can be observed especially referring 

to the Loudness related to soundscape #1 and #7. Both analyses show significant results in terms of 

Loudness reduction through the application of the AMW unit. For soundscape #2-#6, a less perceivable 

change of Loudness is highlighted from both Psychoacoustic analytic and Perceived analysis. However, 

the second one does not draw as defined results as the first one. Of course, some limitations related 

to the headset set-up might be the reason for that, so this variable should be investigated in the next 

section.  

 

Figure 6.5 Comparison of psychoacoustic analytical results (solid black line) and experimental perceived results of Loudness 
in each soundscape recordings in the configuration with the AMW unit applied (bar graphs): #1 Beach, #2 Woodland, #3 Quiet 
street, #4 Pedestrian zone, #5 Park, #6 Shopping Mall, and #7 Busy street. 

6.4.3 Spontaneous and directed sound sources detection   

When considering the analysis of questionnaire-based soundscape evaluation, it is fundamental to 

analyse the perception of specific sound sources. This can be done through either a spontaneous or 

directed detection process. The participants are asked to report any particular sound sources they can 

detect within a specific soundscape or soundscape recording in the first case. In the second case, a 

number of sound sources options or categories are given as an example, and the participants have to 

rate how much they perceive a specific component within the soundscape or soundscape recordings 

(generally on a five-point Likert scale). These two methods have been widely used separately 

[296,308]. However, both were used for each soundscape recordings with and without the AMW unit 

effect in this study.  

Figure 6.6 shows a comparison of the ponderated results for both spontaneous and directed sound 

sources detection. The first one was an extended written form where a comma separated each sound 

source. The second one was based on a five-point Likert scale which included the following categories: 
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1) Traffic Noise (e.g. cars, bus, trains, aeroplanes, etc.), 2) Other Noise (e.g. sirens, construction, 

industry, loading of goods, etc.), 3) Sounds from human beings (e.g. conversation, laughter, children 

at play, footsteps, etc.), 4) Natural sounds (e.g. singing birds, flowing water, wind in vegetation, etc.). 

Due to their different report nature, a ponderation and alignment of the results scale had to be 

performed, followed by a percentage transformation in order to compare them. For the directed votes, 

the ponderation was performed as in equation 6.2. The percentage expression was then calculated 

considering the sum of the total votes for all the sound sources categories (Traffic Noise, Other Noise, 

Sound from human beings, and Natural sound) as the 100% of sound sources TOTss. So each sound 

sources percentage (SS%) of Figure 6.6 was calculated as: 

𝑆𝑆% =
(𝑆𝑆𝑣𝑜𝑡𝑒𝑠 ∙ 100)

𝑇𝑂𝑇𝑆𝑆
 

 

6.3 

 

Where 

SSvotes=overall votes for specific sound sources 

TOTss= overall sum of all the votes for all the sound sources for each spontaneous or directed based 

rate 

From Figure 6.6, it is highlighted that some SS are most likely to be detected by the participants 

through the directed rate rather than the spontaneous one: Traffic Noise overall +6% and Other Noise 

overall +13%. The other two SS tend to be less detected on a directed based rate: Sound from human 

beings overall -14% and Natural Sounds overall -2%. Participants tend to neglect negative noises 

spontaneously, while they recall them once they are directly asked to detect them. In terms of results 

analysis through the effectiveness of the AMW unit, participants detected more Traffic Noise SS 

overall +8%, and less Natural sounds overall -5%. Because of this phenomenon, there is a potential for 

change in the results, so this should be taken into account for future studies and needs further 

investigation related to the robustness of the soundscape investigation approach to assess AMM 

based technologies. Another further research could be, for example, related to different 

environmental sound recordings. 
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Figure 6.6 Comparison of the ponderated results for both spontaneous and directed sound sources detection in the 
soundscape recordings without and with the AMW unit effect and evaluated through 4 categories of sound sources: . 1) 
Traffic Noise (e.g. cars, bus, trains, aeroplanes, etc.), 2) Other Noise (e.g. sirens, construction, industry, loading of goods, 
etc.), 3) Sounds from human beings (e.g. conversation, laughter, children at play, footsteps, etc.), 4) Natural sounds (e.g. 

singing birds, flowing water, wind in vegetation, etc.). 

 

6.5 Discussion 

6.5.1 Robustness of the method 

This study aimed at investigating the human perception of the AMW unit effect on soundscape 

recordings. Even if analytical and numerical studies have been run to investigate AMMs effectiveness 

in terms of SPL, IL, and TL (which are all physical parameters), the psychoacoustic or human perception 

related effectiveness of such materials has not been addressed consistently so far. Therefore, the 

method presented in this chapter has been developed by merging soundscape based questionnaire 

strategies and AMMs based input recordings for the beforementioned questionnaire. Moreover, the 

current pandemic situation provided an excellent opportunity for this project to expand the 

knowledge on the online questionnaire methodologies. People are indeed getting significantly used 

to online exercise everywhere in the world. If the study was limited to the laboratory tests, the sample 

would have had mostly the same geographical and cultural background, which might have biased the 

experiment's output. So the online experiment was included; however, the robustness must be 

assessed since this mixed (laboratory and online) methodology has not been used widely before. 
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6.5.1.1 Robustness of Online 1 method through the laboratory results 

The laboratory method is characterised by constant headset set-up and background noise conditions. 

When conducting the questionnaire online, these parameters may variate slightly or strongly. In this 

part of the study, the robustness of the online questionnaire method will be discussed by comparing 

it with laboratory one through their results. First of all, the laboratory and online test results related 

to the same participants (16 in total) were compared. All the online tests (here referred to as Online 

1 test for simplicity) were run with a three-week time difference to ensure that the laboratory answers 

would not bias participants. Results were compared in terms of 1) difference in the answer between 

the Laboratory and the Online 1,  2) approximation of the Laboratory answer, and 3) headset through 

which the Online 1 test was taken. The first parameter is defined as ∆𝑟𝑎𝑡𝑒 = 𝑟𝑎𝑡𝑒𝐿𝑎𝑏𝑜𝑟𝑎𝑡𝑜𝑟𝑦 −

𝑟𝑎𝑡𝑒𝑂𝑛𝑙𝑖𝑛𝑒 1 and it goes from 0 (in case the answer is the same for both Laboratory and Online 1 rate) 

to 4 (in case there are 4 points of rate in between the Laboratory rate and the Online 1 one). The 

second parameter determines how neutralised is the Online 1 rate compared to the Laboratory one. 

In this case, the answer for each question could be a) neutralised (when the Online 1 rate is closer to 

the neutral rate), b) Extremer (when the Online 1 rate is more extreme than the Laboratory one), and 

c) Opposite (when Online 1 rate is the opposite of the Laboratory one). The third parameter considers 

wired headphones, wired earphones and wireless (or Bluetooth earbuds) as headset setup of the 

Online 1 test. It is worth focusing on analysing the results according to the different headsets as they 

could lead to a different audio quality of the soundscape recordings without or with the AMW unit 

effect. 

In terms of the second parameter, overall (without considering the different headsets), the 

participants' rates of the soundscape recordings without or with the AMW unit effect have been 

Neutralised in the 48% of the cases, Extremer in the 33% of the cases and are the Opposite to those 

they gave in the laboratory test for the 19% of the cases. The difference in the participants' rate of 

soundscape recordings between the Laboratory and the Online 1 (∆𝑟𝑎𝑡𝑒) is shown in percentages and 

according to the overall (TOT= total) and each specific headset in Figure 6.7. Overall there is a good 

correspondence of the Online 1 rating with the Laboratory ones. The 44.6%  of the answers are indeed 

the same, followed by 37.8% with 1 rating point of difference, 15.3% with 2 rating points of difference, 

2.0% with 3 rating points of difference, and 0.3% with 4 rating points of difference. From the headset 

setup point of view, all the Online 1 used systems result reliable in causing the same Laboratory 

response. The majority of perfect correspondence (∆rate = 0) is related to the wired headset. However, 

29% of it is linked to wireless reproducing systems. Even more equal proportion is found in results 

with a ∆rate equal to 1, meaning that the overall headset setups are also good at approximating the 

Laboratory set-up. A big difference in the headset acoustic quality reproduction starts to be 
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highlighted from ∆rate= 2, where Bluetooth systems turn to cause responses less compatible with the 

Laboratory ones (same is highlighted for ∆rate= 3, even if this has an overall percentage of 2%). 

Furthermore, even if the overall percentage is very low (0.3%), it is worth noticing that only wired 

headphones caused the most extreme and opposite response in the participants' Online 1 test. As it 

could be expected, ∆rate related to the Bluetooth earphones/earbuds is the worst at approximating 

the laboratory perceptional judgements of the participants. This will be taken into account in the next 

stage of analysis: the one of the Online II questionnaires.  

 

 

Figure 6.7 Difference in the participants' rate of soundscape recordings between the Laboratory and the Online 1 (∆𝑟𝑎𝑡𝑒) 
according to the overall (TOT= total) and each specific headset (expressed in percentages). 

An Intra-Rater Reliability evaluation has been performed to understand if there was any significant 

influence of the different headset set up on the same participants' response to the auditory perception 

questionnaire. Intra-rater reliability based on the five-points Likert scales questions was obtained from 

Cronbach’s alpha calculation. Appropriate and reliable measures to assess soundscape comfort have 

been identified in previous research (e.g. using psychoacoustic parameters); However,  the reliability 

of individuals’ judgement of soundscape comfort according to different environmental and 

experimental settings (i.e. headset setup intra-rater reliability) needs to be further investigated. 

Within the ambience scale in nursing homes context, for example, Kosters et al. [309] highlighted that, 

between individuals of the same experimental group, the overall physical and social features effect of 

a perceived environment relies differently on their feelings, moods, behaviour, actions, and reactions. 

Hoerzer et al. suggest that, intuitively, most individuals should have high intra-rater reliability when 

the mechanical, neurophysiological, and psychological factors that may influence a specific comfort 
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remain constant; however, they also highlight that this has not been tested specifically [310]. 

Following Hoerzer et al. suggestion in the acoustics sphere of research, a poor headset setup intra-

rater reliability would generate inconsistent soundscape evaluation upon consistent questionnaire 

judgment. Thus, the acoustic perception impact of the AMW unit might not be effectively assessed. 

Therefore, assessing soundscape through poor reliability would be potentially misleading when 

investigating the effectiveness of AMMs based building features on human indoor comfort, while 

inaccurate evaluations of product development might also damage the window manufacturers. Intra-

rater reliability investigation of different headset setup-based soundscape assessments is then crucial 

for identifying individuals with low reliability and developing strategies to account for this issue in the 

analysis stage. 

In this chapter study, intra-rater reliability concerning the laboratory results (headset quality 

benchmark) was calculated by the intra-class correlation coefficient (ICC) [311]. ICC is a single index 

calculated variance that partially overcomes the popular correlation coefficients limitations. It is 

obtained by partitioning the total variance into between and within-subject variance (known as 

analysis of variance or ANOVA). Thus, both degrees of consistency and agreement among rating ICC 

are shown. However, this coefficient does not compare units through different studies of reliability. 

Therefore, to determine the reliability quality, researchers established thresholds [312,313] which 

helped the authors to classify the participants according to high or acceptable reliability (ICC ≥ 0.7) 

and or low or not acceptable reliability to assess soundscape with different headset setups (ICC < 0.7). 

In this study, particularly, Cronbach’s alpha was also used to assess further the intra-rater reliability 

related to the five-point Likert scale questions (Cortina [314]), where a Cronbach’s alpha value ≥ of 0.7 

is considered as acceptable reliability (Cortina [314]) as for the ICC. Both parameters were calculated 

through SPSS Statistics, and, as a result, inter-rater reliability was proved for all the 16 participants 

with an ICC ≥ 0.7 and Cronbach’s alpha value ≥ 0.7 (minimum α=0.723, maximum α=0.875), assessing 

the robustness of the online method used for the questionnaire on AMW unit soundscape impact 

assessment. 

 

6.5.1.2 Robustness of Online 2 method through the laboratory results 

In the Online 2 questionnaire, the soundscape recordings have been evaluated through the same 

questionnaire method but with different headsets (recorded by the system for further evaluation) and 

different background noise conditions. Thus, participants were able to do the test independently and 

in any place it was most convenient for them. The only requirement was to conduct the test in a 

relatively quiet environment using a set of headphones they already had available. So for accuracy, 

and due to the previous consideration in Section 6.5.1, different headsets results will be compared 
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with the laboratory results to show different used headsets in the Online 2 method affects people 

perception tendency. 

 Figure 6.8 shows the perception of participants regarding the #1 Beach environmental recordings.  

From a frequency point of view, the AMW unit does not effectively reduce SPL from 5000Hz above. 

Whereas, from 2000 to 5000Hz, there is a good filtering capacity and a significant neutralisation of the 

signal (most SPL peaks disappear). This filtering capacity is still visible from 2000Hz below; however, 

some resonance peaks appear, meaning that the overall neutralisation is less effective. SPL peaks are 

visible at 1600, 1100, 850Hz. Below 300Hz, the AMW unit seems to increase the environmental noise 

recordings. This limitation is also highlighted in Section 5.3.2 AMW unit performance on the lower 

frequency range (500-1000 Hz). This, in turn, results in a human perception response to the Beach 

environmental recordings less eventful and vibrant but calmer (less chaotic). From a different online 

headsets point of view, participants who used wired headphones and earphones seems to have the 

same answers’ tendency as those who participated in the Laboratory test (same constants headset 

conditions). Slightly more eventfulness and vibrancy were detected from these two online headsets 

rather than the Laboratory one; however, wired earphones response seems more neutralised. 

Wireless headphones and earbuds disagree a bit more with the Laboratory headset response, 

according to 5/8 soundscape descriptors (Eventful, Vibrant, Calm, Uneventful, Annoying).   

 

 

Figure 6.8 Schematics of the soundscape recording #1 Beach (without and with the AMW unit) through a) Laboratory and 
Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and earphones), and 
through b) SPL analysis of the soundscape recordings. 

50 
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Figure 6.9 shows the data related to the #2 Woodland environmental recordings in the frequency 

domain and as perceived by the participants. The same phenomenon described before (Recording #1 

Beach) was observed above 5000Hz, so the AMW unit performs no evident filtering capacity. The 

environmental noise component of the Woodland, which is mainly focused between 2800-5000Hz, is 

again significantly filtered out by the AMW unit. In the lower frequency, another resonance peak 

appears at 200Hz but is less amplified than the #1 Beach-related. Also, for this environmental sound 

recording, the human perception response is less eventful and vibrant but calmer (less chaotic). From 

a different online headsets point of view, wired headphones and earphones set up have the same 

answer tendency as the Laboratory one; however, they all highlight a generally not chaotic and not 

annoying component. They also highlighted a more monotonous component of the recording with the 

AMW unit, probably due to a more variable but overall lower acoustic reproduction quality. Wireless 

headset slightly disagrees with the online response tendency; however, the answers fall into a ± 8% 

compared to the Laboratory ones. 

 

 

 

Figure 6.9 Schematics of the soundscape recording #2 Woodland (without and with the AMW unit) through a) Laboratory 
and Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and earbphones), 
and through b) SPL analysis of the soundscape recordings. 
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Figure 6.10 represents the perception of participants regarding the #3 Quiet Street environmental 

recordings.  Overall from a frequency point of view, the AMW has the same effect as for the previous 

two environmental sound recordings. In this case, the separation between the first and second range 

of effectiveness is significantly reduced, and a continuous SPL reduction can be observed from 400 to 

5100Hz. Some resonance peaks are still visible at 1600, 1100, 850Hz (as for recordings #1,2). The lower 

frequency peak (200Hz) is present yet still lower than the one of recording #1. The human perception 

response, in this case, is affected similarly to the #1 Beach environmental recordings (less eventful 

and vibrant but calmer), even if uneventfulness is slightly neutralised either for wired earphones and 

wireless headset setup. For the rest of the soundscape descriptors and headset setup used by the 

Online participants, the overall answers fall into a ± 8% of the Laboratory ones. 

 

 

 

Figure 6.10 Schematics of the soundscape recording #3 Quiet Street (without and with the AMW unit) through a) 
Laboratory and Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and 
earphones), and through b) SPL analysis of the soundscape recordings. 

 

Figure 6.11 shows the data related to the #4 Pedestrian Zone environmental recordings in the 

frequency domain and as perceived by the participants.  SPL analysis highlights the same impact of 

the AMW unit application over the environmental sound recordings: overall good filtering capacity is 

visible from 300 to 5000Hz (with low resonance peaks at 850, 1100, and 1600Hz) while a high resonant 

50 
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peak appears at 200Hz. These specific environmental sound recordings allow observing a good 

approximation of the first two online wired headsets again. At the same time, the wireless one shows 

a higher disagreement (up to 10% of the difference in terms of soundscape descriptors scale) 

especially highlighted for annoying and calm descriptors. 

 

 

 

Figure 6.11 Schematics of the soundscape recording #4 Pedestrian Zone (without and with the AMW unit) through a) 
Laboratory and Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and 
earphones), and through b) SPL analysis of the soundscape recordings. 

 

Figure 6.12 shows the data related to the #5 Park environmental recordings. The same phenomenon 

described above was observed above 5000Hz, so the AMW unit does not show any evident filtering 

capacity. The environmental noise component of the Park, which is mainly focused between 100-

5000Hz, is this time strongly characterised by the influence of high pitch human voices (adults 

screaming and kids playing). For this reason, the overall middle-high frequency component is 

sufficiently filtered by the AMW unit impact; however, the resonance peaks between 300-3200Hz 

increase visibly. New peaks appear at 1400, 1800, and 3100Hz. This performance surely impacts the 

overall human perception; however, online participants tend to perceive a more vibrant soundscape 

through the wired headset and sensibly less eventful and calm soundscape with a wireless headset. 

50 
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Overall wired headset slightly disagrees with the online response tendency (± 5% of the Laboratory 

ones) while wireless response falls into an overall ± 9% compared to the Laboratory headset response. 

 

 

 

Figure 6.12 Schematics of the soundscape recording #5 Park (without and with the AMW unit) through a) Laboratory and 
Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and earphones), and 
through b) SPL analysis of the soundscape recordings. 

 

Figure 6.13 shows the data related to the #6 Shopping Mall environmental recordings in the frequency 

domain and as perceived by the participants. In this case, SPL analysis highlights a consistent new 

filtering effect between 7000-8000Hz and 9500-10000Hz. The SPL of this environmental sound 

recording without the AMW unit effect presents an increase in these ranges, probably due to the 

human voices and loudspeakers playing music in the background. The same overall good filtering 

capacity is visible from 300 to 5000Hz (with low resonance peaks at 850, 1100, and 1600Hz), while a 

significant high SPL peak appears at 200Hz as for the previously described recordings. Through 

recordings of #6 Shopping Mall it is highlighted a good correspondence of responses with those 

related to the Laboratory headset setup and an agreeing attribution of Eventful (with an overall error 

of 6% over the Laboratory response), Vibrant (overall 4%), Pleasant (overall 4%), Calm (overall 2%), 

Uneventful (overall 5%), Monotonous (overall 7%), Annoying, and Chaotic (overall 9%). 
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Figure 6.13 Schematics of the soundscape recording #6 Shopping Mall (without and with the AMW unit) through a) 
Laboratory and Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and 
earphones), and through b) SPL analysis of the soundscape recordings. 

Finally, in Figure 6.14, data of #7 Busy Street environmental recordings are displayed. The effective 

filtering frequency of the AMW unit is confirmed here to be between 300-5000Hz. Even if filtering, 

resonance peaks are also highlighted from 500 to 2000Hz (with the same frequencies as the previous 

analysis). The higher and more isolating headset quality influences here the perception of a 

significantly less vibrant and eventful (and in turn more monotonous and uneventful) soundscape 

through wired headphones over a more neutralised one for wired earphones and wireless headsets. 

In the general online headset case scenario, the responses fall into a ± 10% compared to the 

Laboratory ones. 
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Figure 6.14 Schematics of the soundscape recording #7 Busy Street (without and with the AMW unit) through a) Laboratory 
and Online 2 participants evaluation (with wired headphones, wired earphones, and wireless headphones and earphones), 
and through b) SPL analysis of the soundscape recordings. 

Overall, as shown in Figure 6.8 and Figure 6.14, wired headphones tend to give more agreeing 

responses in terms of soundscape descriptors, whereas they seem to result in a more vibrant, more 

annoying and less calm human perception when compared to the Laboratory conditions (and so 

results). This is mostly related also to the noisier background noise (as stated in the 80% of the 

participants who used this headset setup). Wired earphones have the same effect. However, 

responses seem more neutralised as negative discrepancies are also highlighted in terms of how 

chaotic and uneventful each environmental sound recording is perceived. Wireless headphones and 

earbuds result on the other side a bit less agreeing with overall Laboratory responses. Moreover, in 

this case, the background noise component has not been highlighted by the participants (only 20% of 

the wireless-based Online 2 participants reported it). For this reason, results from the Online 2 test 

confirm that wireless headsets reduce the overall response tendency agreement with the Laboratory 

one, and it should be so avoided in future AMMs human perception online questionnaires. 

Differences between Laboratory and Online 2 tendencies are always within a ±8%, which mean that 

the Online 2 method shows a satisfactory agreement with the initial laboratory test. Of course, as 

highlighted in this section, attention must be paid to a different headset, as they might slightly change 

the results. 

 

6.5.2 AMW unit Impact in the window’s Ergonomic value  

Since the Online method has a good agreement with the Laboratory one, and their soundscape 

response over the same environmental sound recordings is similar, the filtering capacity of the AMW 

unit was not specified. However, this data could specifically draw a frequency range of application for 

the actual AMW unit configuration. As different environmental sound recordings are affected 

differently by the AMW, the filtering capacity should be calculated for all the 7 recordings:  #1 Beach, 

#2 Woodlands, #3 Quiet Street, #4 Pedestrian Zone, #5 Park, #6 Shopping Mall, and #7 Busy Street. 
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Moreover, to demonstrate the characterisation of real sound sources over a broadband source, the 

filtering effect over a white noise was also considered. In both analysed recordings, the AMW unit 

Amplitude filter was calculated as: 

𝐴𝑀𝑊 𝑢𝑛𝑖𝑡 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝐹𝑖𝑙𝑡𝑒𝑟 =  
𝑆𝑃𝐿 (𝑤𝑖𝑡ℎ 𝐴𝑀𝑊 𝑢𝑛𝑖𝑡)

𝑆𝑃𝐿 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐴𝑀𝑊 𝑢𝑛𝑖𝑡)
 

6.4 

 

 

 

Figure 6.15 shows different filtering capacities of the AMW unit according to the sound input 

characteristics, where values below 1 highlight a filtering capacity while values equal to or over 1 

indicate no filtering effect. Overall a good filtering performance is clear from 300 to 5000Hz from 7000 

to 8000Hz, and from 9000 to 10000Hz. These results confirm what has been highlighted in the previous 

SPL related analysis. The filtering ability of the AMW unit decrease at 5000-7000Hz and 8000-9000Hz, 

and at 50-300Hz, all the studied files are affected by a magnification of the signal culminating at 280Hz. 

Unfortunately, as also highlighted in the results of Section 5.3.2 AMW unit performance on the lower 

frequency range (500-1000 Hz), the AMW unit noise reducing capacity has a limitation over a lower 

frequency range. In that specific section, an acoustic broadband optimisation was investigated and 

numerically demonstrated; however, due to the current pandemic situation, the AMW model used 

for these experiments was the basic one (without broadband optimisation). 

 

Figure 6.15 schematics of AMW unit Amplitude filter of white noise and the RMS of the AMW unit Amplitude Filter related 
to the 7 environmental sound recordings: #1 Beach, #2 Woodlands, #3 Quiet Street, #4 Pedestrian Zone, #5 Park, #6 
Shopping Mall, and #7 Busy Street. 

Finally, the AMW unit was tested both from a physics and human perception point of view while 

following the Ergonomic Principles highlighted in Chapter 3 Participatory approach to draw 

ergonomic criteria for window design. This process allowed the AMW unit to  
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1. Have a significant acoustic filtering capacity over the most frequently heard noise sources 

frequency range (by using a customised AMM system) while allowing natural ventilation; 

2. Mediate between the indoor and the outdoor of a building: acoustically (through the AMMs), 

visually (through possible filtering effects applied on the central panel), and from a ventilation 

point of view (by regulating the opening of the window); 

3. Put the users in connection with the outdoor environment: acoustically (by filtering the 

incoming noise without changing the meaning), visually (through the transparent frontal 

panel), and from a ventilation point of view (by regulating the opening of the window);  

4. Make the users feel oriented and perceive an indoor affective impact improvement, despite 

the non-optimal conditions (acoustically by filtering the noise sources but keeping them 

recognisable. 

 

6.6 Conclusions 

In this chapter, the effectiveness of the AMW unit was investigated through human perception based 

laboratory and online questionnaires. The results highlighted a significant reduction in terms of 

vibrancy, chaos and eventfulness, showing a general neutralisation of the perceived soundscapes 

through the window prototype. Furthermore, according to the preliminary psychoacoustic analysis, 

participants sensibly perceived an acoustic difference in the soundscape recordings with the AMW 

unit effect. Results also demonstrated a perceivable Loudness reduction in the heard acoustic 

environments when the AMW unit is present from a psychoacoustic and human perception point of 

view.  

The combined methodology (environmental sound recording evaluation through human perception 

questionnaire based in laboratory and online) resulted effectively consistent, and robustness was 

proved for the online part. The customised mixed methodology has highlighted potential over an 

exclusive online-based questionnaire rather than the standard laboratory one. If appropriately 

customised, the use of this online-based methodology for AMMs human perception experiments 

could lead to a broader and less biased sample for the investigation. 

Regarding the actual AMW unit prototype, the effect of neutralisation of more chaotic and loud 

soundscapes recordings has been proved as well as the significant filtering capacity combined with 

natural ventilation. Therefore, this customisable AMM-based window design could be applied to 

specific indoor functions (requiring different soundscape indoor characteristics at different degrees) 

and following the previously established ergonomic design criteria [4] with significant improvements 

over standard windows. Moreover, as it has already been proved numerically [189], future studies 
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might implement prototypes of AMW in order to overcome the lower frequency range limitations and 

experimentally prove the broadband effectiveness of such window design.   
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7. Development of a full-scale AMW  

The contents included in this chapter have been published in the 2020 Inter-Noise Conference (Seoul 

- Korea) proceedings by the name of “Full-scale metamaterial window for building application”. 

In this chapter, the ergonomic criteria highlighted in Chapter 3. Participatory approach to draw 

ergonomic criteria for window design are considered to develop further the acoustic metawindow 

unit system (AMW unit) investigated in Chapter 5 AMW unit effect. Chapter 3 highlighted that 1) 

participants perceive the window as an essential mediating instrument between the indoor and the 

outdoor of a building; 2) through this feature, they feel connected to the outdoor environment; and 

3) despite the non-optimal conditions, they feel oriented and perceive an improvement in the indoor's 

affective impact. These three design criteria were followed as guidelines when adapting the AMW unit 

to a full-scale window design. This project indeed aims to draw a new methodology for real window 

design, which considers users' preferred aspects and combines them with a specific AMMs based 

window's technology. Then, the window design would become a real scale system to modulate 

outside inputs to optimise indoor comfort.  

 

7.1 Background 

Noise transmission is a significant factor when considering indoor comfort in building designs. [3] 

Nowadays, increasing noise issues are limiting building functions from different aspects. Active 

systems have been designed to improve indoor comfort, leading, for example, to mechanical 

ventilation and active noise control systems. [15] Windows plays an essential role in addressing this 

issue as an essential building element, and relevant studies have been extensively investigated. [8,13] 

Increasing window thickness could be a solution; however, it inevitably results in a bulky structure. 

Screening related systems (like rolling shutter boxes) have been proposed to overcome the thickness 

issue [9], and active noise control has been demonstrated to achieve effective low-frequency 

attenuation. [15] On the other hand, natural ventilation and air change rate (ACR) are highlighted as 

key factors to quantify passive energy requirements [272,273] as contemporary architecture and 

engineering research are focusing primarily on energy-efficient approaches. With this aim, the latest 

development of AMMs managed to achieve tailored acoustic properties depending on the material 

geometrical structure more than the constituent material properties itself. [271,276] The application 

frequency ranges in many cases are limited by their large spatial footprint. For these reasons, it is 



Gioia Fusaro - PhD Thesis 
 

203 
 

necessary to investigate further an ideal design and application of AMM to address both noise control 

and natural ventilation, adaptable to different environmental situations. 

Our previous study has investigated a promising acoustic metacage window with significant results in 

a frequency range of 300-5KHz (see Figure 7.1.a). [262] The tunability of the AMM unit cells 

constituting the metacage window, related to a few geometric parameters, has been demonstrated 

through parametric studies. Later, a preliminary realistic adaptation was speculated as an acoustic 

metawindow (AMW) unit (see Figure 7.1.b). The acoustic metacage window geometry was better 

approximated to standard window design and tested both numerically and experimentally. The main 

conclusion is that significant noise reduction can be achieved while allowing a 30% of opening ratio 

(OR).  

This PhD chapter aims to numerically investigate the applicability of previously used AMM on a full-

scale window model (see Figure 7.1.c) and optimise the parameter settings according to different 

acoustic conditions (depending on the frequency range). Three specific targets highlighted from 

Chapter 3 Participatory approach to draw ergonomic criteria for window design are to be considered 

in the design, including visual impact, acoustics, and ventilation. The visual impact is addressed by 

using transparent glass as the central panel (dimensions 1.2x0.6 m). The acoustics and ventilation 

functions are fulfilled by integrating AMM unit cells in the window frame. The window performances 

are then characterised by different geometric parameters of the window and the AMM unit (described 

in the following section). The combined variables define different acoustic impacts and ACR of the 

window system on the indoor environment. Finally, the parametric study results are compared to a 

standard sliding window to show the design benefits. Significant improvements from the standard 

window design performances could be found. New AMM-based windows are set for building 

engineering or architecture applications. 
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Figure 7.1 Geometrics and physics concept-flow from the acoustic metacage window, to the AMW unit and finally AMW as 
per its full-scale application (cross-sections). 

 

7.2 Materials and Method 

7.2.1 Geometric setting for acoustic and ACR analysis 

Numerical simulations are used to evaluate the performance of the proposed full-scale AMM window. 

Both acoustic and ACR simulations are performed based on the same 3D geometric settings; however, 

the physics models have different governing equations and boundary conditions (specified in the 

following section). For each analysis, the Finite Element Method (FEM) is used to perform the 

parametric study. The geometric elements considered in this study are: a spherical boundary of 0.9 m 

radius, a 0.13m division in the middle (representing the building’s wall), and the AMW attached to one 

side of the division (see Figure 7.2.a). The sphere’s partitions are considered indoor and outdoor 

environments. The “inner wall” is where the AMW geometry is placed. The dimension of the central 

transparent panel of the AMW is 1.2 x0.6 m and is constant for all the parametric studies. The input 

wave (modelled as background pressure field or air velocity) passes through the AMW and radiates in 

through the distributed ventilation holes along the AMM units surface. As depicted in Figure 7.2.a, a 

few parameters are considered for this study. 

The first parameter, T, represents the AMW frame thickness starting from the inner side of the division 

(see Figure 7.2.a). Indeed, the 3D window system can be viewed as a protrusion from a 2D plane placed 

on the inner wall. The previous studies highlighted that T influences the frequency range of acoustic 

applications. However, beforehand, there has never been such a parametric study to understand 
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which T dimension can activate the noise reduction on specific frequency bands. In this research T 

varies within these values: A, T= 0.13 m; B, T= 0.11 m; C, T= 0.09 m; D, T= 0.07 m; E, T= 0.05 m; F, T= 

0.03 m. A variation of T determines a variation of the total opening areas of the AMM units in the 

AMW frame (see Figure 7.2.a). They vary as 0.14 m2 (T=A), 0.12 m2 (T=B), 0.10 m2 (T=C), 0.08 m2 (T=D), 

0.05 m2 (T=E), 0.03 m2 (T=F). 

The second parameter, depicted in Figure 7.2.b, is the frame height (H), which varies in a range of 0.04 

m (H=4), 0.05 m (H=5), 0.06 m (H=6), 0.075 m (H=7.5), 0.10 m (H=10), 0.15 m (H=15). A variation of H 

results in a variation of the frontal area of each window (see Figure 7.2.b) without varying the central 

transparent panel dimensions. The frontal area changes within this range: 0.88m2 (H=4), 0.91m2 (H=5), 

0.95m2 (H=6), 1.01m2 (H=7.5), 1.12m2 (H=10), 1.35m2 (H=15). A third parameter to evaluate our study 

is the OR. This unit represents the percentage ratio between the total opening areas of all the AMM 

units in the AMW frame and the frontal area of each window (see Figure 7.2); so, the combination of 

different T and H generates a variation of the OR. These variations are: 30% (T=A=0.13 m), 25% 

(T=B=0.11 m), 20% (T=C=0.09 m), 16% (T=D=0.07 m), 11% (T=E=0.05 m), 7% (T=F=0.03 m). This specific 

definition of the OR will allow comparing on a later stage the AMW’s performance with common 

window design’ ones (see Section 7.2.2 and 7.3.1). 
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Figure 7.2 a) 3D representation of boundary conditions and parameters used in both acoustics (AC) and airflow (AF) studies. 
b) 2D AMW section to show the variation of the H parameter. 

 

7.2.2 Boundary Conditions and Study Settings 

The numerical model is implemented using commercial FEM software Comsol Multiphysics under 

Acoustics and Fluid Dynamics modules. For the first parametric investigation, semi-infinite acoustic 

conditions are applied to the two boundary sides of the sphere (see Figure 7.2.a). Free spherical wave 

radiation conditions are applied to all the spherical geometry. The separation walls and the AMW 

geometry are considered as interior sound hard boundaries. Sound transmission through walls of the 

AMW and possible viscous-thermal effect in the narrow resonator channels are neglected in this study. 

The 3D domain is filled with air, where air density and sound speed at room temperature are used. 

The outdoor boundary is characterised by a background pressure field directed towards the indoor 

with a pressure amplitude of 1 Pa and an airspeed of the sound of 343 m/s. TL is calculated by the 

reduction of sound power through the metamaterial interface (in dB). The extra sound attenuation 

(called ∆TL) of the AMW compared to the standard window’s one is defined to show our design 

benefits, and it is calculated as: 

a) b) 
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𝑒𝑥𝑡𝑟𝑎 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 = ∆𝑇𝐿 = 𝑇𝐿𝐴𝑀𝑊 − 𝑇𝐿𝑆𝑊    (𝑑𝐵) 7.1 

 

                              

where:  

• 𝑇𝐿𝐴𝑀𝑊= AMW’s transmission loss (dB) 

• 𝑇𝐿𝑆𝑊 = Standard window’s transmission loss (dB) 

Regarding the mesh size for the 3D study, this model results very complex, and since the convergence 

of results is proven, simplification is needed, so the maximum allowed element size is 

343/6/2000=0.0286 m. The study is a frequency domain analysis from 50 to 5000 Hz with a step size 

of 100 Hz. In the results, the TL is shown linearly within the simulation frequencies. 

In the parametric airflow study, the same geometric boundaries are used for a laminar flow study in 

order to calculate the air changes per hour (ACPH). An air change is the number of times the air 

enters and exits a room from the heating, ventilating and air conditioning (HVAC) system in one 

hour. ACPH is a measurement of air volume that is added to (or removed from) a room divided 

by the total volume of the room; so, it measures how many times the air in the room is replaced. 

Higher ACPH values result in adequate ventilation. The formula is as follows: 

𝐴𝐶𝑃𝐻 = 
𝑄

𝑉
  (ℎ−1) 

7.2 

 

where: 

• Q = Volumetric flow rate of air in cubic metres per hour (m³/h) = 3600 ∙ 𝐴 ∙ 𝑣 

• V = Space volume L × W × H in cubic metres (m³) 

• A = Cross-sectional area of the duct (m2) 

• v = airflow velocity (m/s) 

This unit allows comparing the AMW performances to the standardised value for public buildings[315]. 

Moreover, with an easy time unit adaptation, air change per minute (ACPM) can be calculated to 

describe more precisely the extra opening time that AMW requires when compared to the 

standardised value for offices. In this case, for example, ACPH= 6 h-1 [11] while ACPM=0.1 min-1. From 

this unit, another time-based indicator, air change requirement in minute (ACRM), can be defined 

as: 
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𝐴𝐶𝑅𝑀 = 
1

𝐴𝐶𝑃𝑀
    (min)                                                            

7.3 

 

So for ACPH=6 h-1, ACPM=0.1 min-1, and ACRM=10 min. ACRM is then calculated for all the different 

AMW models, according to each T and H combination. Finally, the extra time needed for the AMW 

to reach the standard window (SW) ACR performance is calculated as: 

𝑒𝑥𝑡𝑟𝑎 𝑡𝑖𝑚𝑒 = ∆𝐴𝐶𝑅𝑀 = 𝐴𝐶𝑅𝑀𝐴𝑀𝑊 − 𝐴𝐶𝑅𝑀𝑆𝑊   (min)                                

 

7.4 

 

where: 

• 𝐴𝐶𝑅𝑀𝑨𝑴𝑾 = AMW’s ACRM (min)   

• 𝐴𝐶𝑅𝑀𝑺𝑾=  Standard window’s ACRM (min)  

 

For boundary conditions definition, the 3D geometry is filled with air where air density at room 

temperature is used. Inlet conditions are applied to the outdoor boundary surface. Normal wind 

velocity flow at the inlet is 1.132 m/s according to Asfour and Gadi criteria [288], depending on the 

height above the ground (20m) and the room height (3m). Outlet conditions with 0 Pa pressure 

characterise the indoor boundary. In this analysis as well, the walls of the AMW and material cells are 

set as interior hard boundaries. The mesh size for this 3D study is defined by a maximum element size 

of 0.18 m and a minimum element size of 0.03m. Indoor average air velocity is analysed in this 

parametric study to define ACPH for each configuration. 

 

7.3 Numerical Results 

7.3.1 Thickness variation and frequency range parametric study 

Table 7.1.a shows the ∆TL mean value according to different H and T. ∆TL goes from a minimum of 

19.37 dB to a maximum of 39.75 dB showing increasing values in relation to high H; so this parameter 

might be significant in the determination of the ∆TL amplitude and a more specific frequency related 

analysis is needed. In Table 7.1.b, individual bands (low= 0-500 Hz, middle= 500-2000 Hz, high= 2000-

5000 Hz) are analysed. From a first look at this table, mostly higher frequencies result significantly 

affected by the AMW performance in terms of ∆TL; however, focusing on the frame height, the results 

show that when H increases together with the dimensions of the AMM units, they affect more 

significantly the low frequencies component of the soundwave. 
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Models with H=7.5, 10, 15 generates a cut off frequency in the low band, up to a significant mean ∆TL 

of 10.94, 16.10, and 12.3 dB, respectively. At the same time, bigger AMM units also determine a 

significant ∆TL at the higher bands (500-2000 and 2000-5000 Hz), making their application effective 

on the broad frequency range. In conclusion, within the same audible spectrum, the noise reduction 

performance of full-scale AMW is better than a comparable sliding window, regardless of the different 

thicknesses (or OR). Moreover, H=10 results to be the overall best performing model. 

 

7.3.2 ACRH and time gap for optimal ventilation conditions 

Table 7.1.c illustrates the difference in terms of AMW ACRM. These values represent the extra opening 

time that AMW requires when compared to the standardise value for offices (ACRM= 10 min) [315]. 

The standard value in this analysis is initially defined by DIN 1946 part 2, which is set by the German 

Institute for Standardisation and accepted worldwide [315], and where it is expressed in ACPH. The 

specific function was taken into account as an example of a public indoor environment where acoustic 

and ventilation comfort is crucial for the occupants. In Table 7.1.c, negative values mean that the 

performance of the studied model is even better than a standard window and that a shorter opening 

time is required to achieve the standard ACRM. Overall the shorter time required to satisfy the ACRM 

standards is between -6.52 min (= -6’31’’) and -9.18 min (= -9’11’’). There is an improvement for bigger 

T values (A, B, C) as the ∆ACRM is probably due to their OR. The ventilation performances for these 

thickness values are the best among the AMW models. In future studies, the AMW ACRM can be 

compared to standardised values of other indoor functions to have a broader idea of its application in 

public buildings. 
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Table 7.1: a) ∆TL mean of the total value of the acoustic parametric study according to different AMW T or OR; b) ∆TL mean 
by different frequency bands: low= 50-500 Hz, middle= 500-2000 Hz, high= 2000-5000 Hz; c) ∆ACRM between standardised 
value for offices expressed in additional opening window time (min). 

 

 

 

 

 

 
 ∆ACRM (min) 

 4 5 6 7.5 10 15 

 A  -9.16 -9.18 -9.15 -9.12 -8.92 -9.00 

B -9.02 -9.05 -9.01 -8.98 -8.94 -8.86 

C -8.89 -8.85 -8.84 -8.82 -8.76 -8.68 

D -8.63 -8.61 -8.59 -8.57 -8.49 -8.36 

E -8.27 -8.22 -8.20 -8.11 -7.97 -7.81 

F -7.56 -7.46 -7.18 -6.99 -6.78 -6.52 

 

7.4 Broadband potential optimisation of the AMW’s 

acoustic performance  

As achieved for the AMW unit (see in Chapter 5 AMM adaptation to real window design), an acoustic 

optimisation is investigated for the full-scale AMW design. Since from Chapter 5, B and C 

Configurations resulted as the most effective perforation combinations within the AMM units panels, 

optimisation on the full-scale AMW design is investigated following these two approaches. 

Configuration B has 7% of perforation on the panels belonging to 2/4 of the same AMM units, while 

configuration C has 7% of the overall panels' area's perforation applied on one panel of each AMM 

unit. For the sake of simplicity in showing the results and since the previous section demonstrated 

that H=0.05 - 0.15 m performs optimally in noise reduction and natural ventilation, only these models 

will be tested. Moreover, since the H=0.15 m is quite a bulky window frame model which cannot be 

easily found on the market, this will be further excluded from the investigation.  In the B and C 

Configurations, the resonating volume goes from 7.7 x 10-4 m3 (H=0.05 m) to 30.8 x 10-4 m3 (H=0.10 

m), and the perforated panels within the AMW unit geometry are placed differently to investigate also 

in this full-scale case if the perforation position is a determinant parameter for the AMW TL. TL is here 

calculated following the same procedure used for the basic full-scale model (see Section 7.2.2 

 ∆TL mean total (dB)  

 4 5 6 7.50 10 15 Mean 

A 19.37 21.23 24.63 30.04 39.75 34.11 28.19 

B 21.73 22.53 26.93 29.63 30.47 35.30 27.77 

C 18.24 22.53 27.16 28.94 32.36 34.97 27.37 

D 23.81 27.15 28.90 31.47 32.84 35.88 30.01 

E 19.67 23.59 30.86 34.15 34.65 34.95 29.65 

F 31.43 33.26 35.31 35.87 36.28 34.17 34.39 

Mean 22.37 25.05 28.96 31.68 34.39 34.90  

  ∆TL mean freq. bands (dB)  

 
Freq. 
Bands 

4 5 6 7.5 10 15 Mean 

A  

LOW 2.44 3.04 3.95 5.00 16.10 4.94 

21.58 MID 18.19 17.85 18.57 19.66 31.75 38.99 

HIGH 23.34 26.56 31.79 40.24 48.48 37.51 

B  

LOW 1.49 2.16 3.08 4.24 4.99 4.12 

20.37 MID 19.77 18.83 18.33 17.97 19.24 40.60 

HIGH 26.76 28.46 36.00 40.54 41.18 38.89 

C  

LOW 2.15 2.95 4.01 5.26 6.46 5.01 

20.80 MID 18.69 18.70 19.38 20.81 28.46 43.21 

HIGH 21.23 28.36 35.67 37.74 39.49 36.85 

D  

LOW 3.06 4.14 5.28 6.66 8.15 6.26 

22.39 MID 14.17 14.13 14.77 21.52 31.26 44.18 

HIGH 32.78 38.27 40.69 41.41 38.58 37.65 

E  

LOW 4.02 5.15 6.58 8.25 10.08 8.65 

21.58 MID 7.67 7.53 8.67 17.85 25.55 36.44 

HIGH 28.79 35.32 46.81 47.48 44.12 39.46 

F  

LOW 7.54 7.10 8.82 10.94 13.20 12.30 

24.58 MID 5.28 3.89 5.06 14.21 25.91 33.09 

HIGH 49.29 53.18 55.73 51.68 46.07 39.09 

 Mean 15.93 17.53 20.18 22.86 26.61 28.18  

 

(a) (b) 

(c) 
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Boundary Conditions and Study Settings). ACR did not change compared to the basic version, so 

ventilation evaluations are not shown here and can be considered comparable. 

Figure 7.3 shows a comparison of the two schematics related to B and C Configurations TL 

characterised by H=0.1 m and T=0.13 m (A), T=0.11 m (B), T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), 

T=0.03 m (F). These decreasing T values represent the closing mechanism of the AMW. So, from this 

schematics comparison, the effectiveness of TL can be appreciated simultaneously with the window 

opening reduction. Overall, B and C show significant TL throughout the whole frequency range (50-

5000Hz). The numerical analysis determines a minimum TL potential of 10dB, which is particularly 

remarkable for the lower frequency range 50-500Hz. Moreover, comparing the optimised 

configurations (B and C) with the RMS of the original full-scale AMW TL (represented by the red line 

plot), the TL optimisation is overall performed broadband in both cases. Specifically, configuration C 

shows better performance as it is clearly below the original AMW only in the frequency ranges of 

1850-1900Hz, while configuration B does not optimise TL at 1500-1600Hz, 1850-1900Hz, 3900-4100Hz. 

Configuration C creates a resonant condition that optimises the system better than B. This is probably 

because perforated panels are not coupled. Indeed, an original AMM unit (cavities-based) 

configuration faces a perforated one (see Figure 7.3). 

  

Figure 7.3 Schematics comparison of B and C Configurations TL characterised by H=0.1 m and T=0.13 m (A), T=0.11 m (B), 
T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 
reference for the overall TL performance. The red line plot represents the RMS of the original full-scale AMW TL. 
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Figure 7.4 shows the TL of the optimised Configuration B and C of the full-scale AM, characterised by 

a frame height H=0.075m. The decreasing value of T (A=T=0.13m, B=T=0.11m, C=T=0.09m, D=T=0.07m, 

E=T=0.05m, F=T=0.03m) represent the thickness of the window with constant H, and so the 

performance of the AMW at different degrees of closure. Overall, significant TL is highlighted from the 

numerical analysis of Configurations B and C.  Also, in this case, C works better than B generally 

throughout the frequency range 50-5000Hz and specifically if compared with the TL RMS of the 

original AMW(represented by the red line plot). A significant dip is highlighted between 50 and 100Hz 

for B, showing a magnification of the acoustic signal through this Configuration for the bigger opening 

degrees (T=0.13, 0.11, 0.09 m). It is possible to assume that, due to its even geometrical nature, 

Configuration C allows an optimised TL and overcome possible magnifications as for B (see Figure 7.4).  

 

 

 

Figure 7.4 Schematics comparison of B and C Configurations TL characterised by H=0.075 m and T=0.13 m (A), T=0.11 m (B), 
T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 
reference for the overall TL performance. The red line plot represents the RMS of the original full-scale AMW TL. 

Figure 7.5 shows a comparison of the two schematics related to B and C Configurations TL 

characterised by H=0.06 m and decreasing T value represents the closing mechanism of the AMW 

(A=T=0.13m, B=T=0.11m, C=T=0.09m, D=T=0.07m, E=T=0.05m, F=T=0.03m). So, also for a frame 

thickness H=0.06m, the effectiveness of TL can be appreciated simultaneously with the window 

opening reduction. Overall, B and C show significant TL throughout the 50-5000Hz frequency range 

(minimum TL=10dB and maximum TL= 84dB). Clear advantages from Configuration C are shown from 

this numerical analysis, highlighting its merit again over B also in comparison with the RMS of the 
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original full-scale AMW TL (represented by the red line plot). TL optimisation is indeed performed 

broadband by model C of the AMW (50-5000Hz). Also, for a frame with H=0.06, Configuration C 

creates a resonant condition that clearly optimises the system better than B because perforated 

panels are not coupled, and even AMM unit resonance is improved if compared with a mirrored one 

(see Figure 7.5). 

 

 

Figure 7.5 Schematics comparison of B and C Configurations TL characterised by H=0.06 m and T=0.13 m (A), T=0.11 m (B), 
T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 
reference for the overall TL performance. The red line plot represents the RMS of the original full-scale AMW TL. 

 

Finally, Figure 7.6 shows the TL of the optimised Configuration B and C of the full-scale AM, 

characterised by a frame height H=0.05m. The decreasing value of T (A=T=0.13m, B=T=0.11m, 

C=T=0.09m, D=T=0.07m, E=T=0.05m, F=T=0.03m) represent the thickness of the window with 

constant H again, and so the performance of the AMW at different degrees of closure. Overall, 

significant TL is highlighted from the numerical analysis of Configurations B and C.  Also, in this case, 

C works slightly better than B throughout the 50-5000Hz frequency range, meaning that the smaller 

dimensions of the AMM unit within the frame neutralise the resonant contribution of the evenly 

perforated Configuration C. The comparison with the TL RMS of the original AMW(represented by the 

red line plot) shows overall merit towards the new optimised models(see Figure 7.6).  
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Figure 7.6 Schematics comparison of B and C Configurations TL characterised by H=0.05 m and T=0.13 m (A), T=0.11 m (B), 
T=0.09 m (C), T=0.07 m (D), T=0.05 m (E), T=0.03 m (F). Two blue dotted lines are plotted for TL = 10dB and TL= 80 dB as 
reference for the overall TL performance. The red line plot represents the RMS of the original full-scale AMW TL. 

Overall, B and C Configurations work more efficiently when compared to the original configuration 

because, as in the case study of the AMW unit, they allow the AMM unit to have the biggest resonating 

volume, showing that the perforation percentage is a crucial factor for the design of such AMM 

window, especially at low frequencies (50-500 Hz) where they reach an average of 25 dB of TL. On the 

other side, it is important to note that the perforated panels’ disposition becomes more crucial with 

the increase of the frame height (H). It is possible to assume that, due to its even geometrical nature, 

Configuration C allows an optimised TL and overcome limitations and even possible magnifications 

caused by B at a lower frequency range (50-100Hz). Despite its acoustic merits over the original full-

scale AMW model and the B variation, Configuration C might result in more convenient for an 

industrialised process since this specific design could allow a fabrication in series of the AMM unit 

pieces, which would be all the same. This feature would represent a great simplification in the 

fabrication process and so an advantage over production costs and time. 

 

7.4 Conclusions 

This PhD study chapter has attempted to explore the applicability of a previously developed AMW unit 

system for noise reduction and natural ventilation in a full-scale window system. A total of 120 

parametric analyses have been carried out in order to assess the effectiveness concerning two design 
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parameters: frame’s thickness and height (T and H) for both a basic AMW full-scale model and 

broadband optimised one.  

First of all, from the acoustics point of view, the basic full-scale AMW reduces the incoming noise 

effectively with a minimum ∆TL of 1.49 dB and a maximum of 55.73 dB over a standard sliding window. 

It was proved that, nevertheless, the customisation of the AMW design (depending on H) and the 

degree of opening (depending on T), the noise reduction is guaranteed.  

Once the system's acoustics was proved to be efficient despite the opening degree of the AMW, 

natural ventilation is considered independent from the noise reduction task. This specific full-scale 

AMW technology allows a non-dependency with the noise exposure time, showing a significant 

advantage over standard window design (where users must choose over noise insulation/reduction 

or natural ventilation). So in this final part of the PhD study, natural ventilation is numerically proved 

to satisfy the ACRM standards with an overall shorter time between -6.52 min (= -6’31’’) and -9.18 min 

(= -9’11’’) (especially for bigger values of T= A, B, C). The natural ventilation efficiency is numerically 

verified for both acoustically basic and optimised models. 

The final numerical analysis on the acoustically optimised model of AMW (in a number of different 

customisable designs according to T and H) finally shows that with a tailored perforated AMM unit 

structure [189], noise attenuation can be consistently achieved within the frequency range of 50-5000 

Hz, and opening time can be increased or reduced mostly without depending on the outdoor acoustic 

stimuli. Furthermore, models with T=7.5, 10, 15 can achieve significant TL values with optimal ACRM, 

making this design suitable for most indoor public functions. 
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8. Conclusions 

As highlighted in Chapter 2. Literature Review, windows are a key feature of physical connection with 

the outdoor environment, yet standard windows cause discomfort when users must choose between 

natural ventilation and noise reduction. To fill this gap, modern technologies such as AMMs could be 

used as they have a wide range of applications and could perhaps resolve the previous highlighted 

issue if implemented into the window system; However, so far, these technologies have been 

developed without considering human perception and ergonomics. So this project aimed at 

addressing physical, perception and ergonomic issues of windows through AMMs in order to allow 

natural ventilation and optimised noise reduction. 

8.1 Findings 

In particular, three research questions were considered to fill the actual research gap through this 

project 1) Which are the most relevant ergonomic principles to be followed when designing a new 

window system? Why is it important to follow ergonomic principles in an AMM-based window?; What 

are the benefits of using AMMs over traditional window technologies? How is it possible to embed 

AMMs into ergonomic windows?; 3) Will an AMM-based window impact significantly people’ 

perception and improve overall indoor comfort? How does this new AMM-based window relate to the 

ergonomic principles? 

About the first research question, it was found that users perceive the ergonomic value of a window 

through three principles: 1. Importance of the Outdoor Connection to feel oriented, 2. Filtering the 

information without changing the meaning, and 3. Controlling the window system behaviours within 

physical boundaries. The first research question was indeed addressed through a participatory design 

method involving the ergonomics of the window. This Social Science and Ergonomics based 

methodology could be used by Engineering and Architecture researchers to investigate the optimal 

building feature design ergonomically according to the users' perspective. It could be possible, for 

example, to draw a windows design prototype depending on these three principles defining specific 

optimal window requirements such as incoming noise reduction without changing the meaning of the 

outdoor context to help the users feel oriented but also achieve indoor comfort. If implemented with 

the right technologies, the window design would become indeed not only the mediator between the 

outside inputs and the indoor comfort, but it could even modulate the first one to optimise the second. 

For the second research question, it was developed a full-scale AMW which could allow noise 

reduction and natural ventilation while following the ergonomic principles for the window design. To 
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answer this research question, analytical, numerical, and experimental analyses were used first to 

develop an AMM unit based on the acoustic stopband related to the resonant tubular array and 

inspired by the acoustic black hole (ABH) effect [268]. The principles behind ABH allows having a 

significant noise-reducing system within a limited thickness, with several benefits over traditional 

materials. Secondly, the AMM unit was assembled into an AMW unit to understand the evolution of 

its physical properties according to the coupled spatial configuration. Finally, once the AMW unit 

demonstrated significant benefit from the acoustic and ventilation point of view, it was adapted to a 

customisable full-scale AMW, which could allow noise reduction and natural ventilation while 

following the ergonomic principles for the window design. The customisation resulted in being 

efficient for both physical problems; nevertheless, the design could be adapted to different 

architectonical necessities (thickness and height of the window frame could be adapted without 

changing the effectiveness of the AMW).  

For the third and final research question, it was found that the AMW has a significant soundscape 

neutralisation capacity from the human perception point of view. This finding was achieved through 

a physics and human perception study based on laboratory measurements on the AMW unit and 

laboratory and online questionnaires (over 85 people) presenting seven environmental sound 

recordings (related to everyday life activities), presented both in their original version and modified 

by the AMW acoustic effect. Specifically, it was found that the AMW unit can hallow to 1) have a 

significant acoustic filtering capacity over the most frequently heard noise sources frequency range 

(by using a customised AMM system) while allowing natural ventilation; 2) mediate between the 

indoor and the outdoor of a building: acoustically (through the AMMs), visually (through possible 

filtering effects applied on the central panel), and from a ventilation point of view (by regulating the 

opening of the window); 3) put the users in connection with the outdoor environment: acoustically 

(by filtering the incoming noise without changing the meaning), visually (through the frontal 

transparent panel), and from a ventilation point of view (by regulating the opening of the window); 4) 

make the users feel oriented and perceive an improvement in the indoors affective impact, despite 

the non-optimal conditions (acoustically by filtering the noise sources but keeping them recognisable.   
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8.2 Related future research 

In this project, Social science-based, ergonomic, numerical, analytical and experimental methods were 

used to draw a full-scale window prototype using AMMs to allow natural ventilation independently 

from the outdoor noise situation. This research opens a new field of investigation not limited to 

buildings insulation but including outdoor stimuli optimisation towards a more comprehensive indoor 

comfort. However, further studies could overcome some limitations and expand the specificity of this 

project over the following aims and objectives: 

Ergonomic and focus group studies targeting specific context of climate and geographical ranges 

and specific indoor activities and buildings functions 

The three ergonomic principles highlighted from this project are related to generic 

environmental conditions, indoor functions and building destination. However, a more 

targeted study could allow drawing customised ergonomic window design principles for each 

specific situation. For example, public or private buildings have a different requirement in 

terms of noise insulation and natural ventilation, same as different indoor functions (for 

example, home, work, spare time, education, and healthcare-related functions), or outdoor 

environmental conditions (very loud and infrastructural, very quiet and natural, very vibrant 

neighbourhood). 

 

Experimental testing on full-scale AMW prototype from the acoustic and ventilation point of view 

Experimental tests on the AMW unit gave sufficient information about physic and human 

perception based characteristics and potential; However, experimental study on the full-scale 

AMW might help understand other psychoacoustic effects according to bigger design and 

wider frequency range of noise reduction. Even if the AMW unit investigation highlighted 

significant merits over standard windows, full-scale tests might give a more comprehensive 

understanding of the AMW potential from an acoustics, natural ventilation, and human 

perception point of view. 

CFD or experimental study on the full-scale AMW ventilation potential, targeting specific building 

characteristics (including floor level, geographical location, wind direction, wind velocity, room 

dimension); 

The numerical analysis highlighted basic sufficient ventilation capacity of the AMW (either unit 

or full-scale); However, the outdoor ventilation boundary conditions and the indoor room 
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characteristics were limited (wind speed of 1.132 m/s according to Asfour and Gadi criteria 

[288], the perpendicular direction of airflow at the inlet, height above the ground of 20m, and 

the room height of 3m). Further CFD or experimental studies could allow a more 

comprehensive characterisation of the AMW considering a variety of floor levels (different 

heights where the window is placed are characterised by different wind velocity), geographical 

location (different wind directions might derive from this factor), and room dimension (as a 

bigger volume of the room needs higher volumetric flow rate of air in order to satisfy the 

standards of ACPH). 
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Appendix A - Online Questionnaire 

related to experiment described in 

Chapter 6 

Information sheet: 

Evaluation of metamaterials controlled Soundscape: listening test 

through headphones.  

Sheffield Research Ethics Committee Approval ID Number: 033686 

You are being invited to participate in a research project conducted by staff members of 

the Acoustics Group at Sheffield University. Before you decide to take part, it is important for 

you to understand why the research is being done and what participation will involve. This has 

been approved as “low risk” research, as it only consists of a listening experience of 

everyday sounds and a questionnaire about them. 

Participation is voluntary. Please take time to read the following information carefully and discuss 

it with others if you wish. Ask us if there is anything that is not clear or if you would like more 

information. Take time to decide whether or not you want to take part. Thank you for reading 

this. 

1. What is the project’s purpose? 

This project explores the subjective perception of outdoor and indoor public spaces. In particular, 

we ask what you think about the overall quality of various acoustic environments, what sound 

sources you can recognise from the recording of urban space and how you assess their loudness 

levels. 

2. Why have I been chosen? 

You are invited to participate in this study because you are an adult (above 18 years old) with 

proficiency in Italian or English languages. We plan to recruit a minimum of 20 people for this 

experiment to capture the variability of the general population in detail. 

3. Do I have to take part? 

Participation in this experiment is voluntary, and it is up to you to decide whether or not to take 

part. If you do decide to take part, you will be asked to sign a consent form. You can withdraw at 

any time without providing a reason. If you choose to withdraw, your responses will not be 

considered in the analyses, and any data you might have already provided up to that point will be 
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permanently deleted. After completing the experiment and submitting all the forms, we will not be 

able to retract your responses. 

4. What will happen to me if I take part? 

After reading the experiment description and giving consent to participate in the study, you will be 

asked to complete a short headphones screening (approximately 3 minutes). Given the successful 

completion of this step, you will then move to the main experiment. 

You will listen to 14 different acoustic scenarios over consecutive sessions. Each recording will be 

30 seconds long. After each acoustic scene, you will be asked to complete a questionnaire 

consisting of 5 short questions. You will be asked to rate the perceived quality of sounds 

along a pre-specified scale, rate what category of sounds dominates in the recording, enter 

verbal information about your perception of the sound sources, and judge the perceived 

loudness of the acoustic environment. Although the time for answering those questions is not 

limited, please try and answer them as soon as possible so that the impression of the acoustic 

environment you just listened to is still fresh in your mind. 

At the end of the assessment part, we will ask you a few basic demographic questions (e.g., age, 

gender, perceived well-being). This is to verify differences in acoustic preference according to 

gender or age. In any case, the questionnaire will be completely anonymous so that it won’t be 

possible to identify you from your responses. 

There will be short breaks in between the blocks to allow you to rest. On the whole, it is expected 

that each experiment lasts no longer than 30 minutes in one sitting. 

5. What are the possible disadvantages and risks of taking part? 

There are no risks associated with this study. Rest assured that if you carefully follow instructions 

in the calibration and screening test, sound levels will be set much below the threshold of what can 

be considered as potentially harmful noise exposure. Yet, if, for any reason (even not related to 

the sounds) you feel uncomfortable during the experiment, please feel free to terminate the 

experiment. 

6. What are the possible benefits of taking part? 

There are no immediate benefits for those people participating in the project. Their involvement in 

this study will help further our understanding of environmental sounds and sound-related 

information regarding the use of acoustic metamaterials. At a more general level, we hope that 

your participation in this study will also help you become more aware and acknowledge your sound 

surroundings’ importance. Your participation will certainly help us to shape acoustically enjoyable 

public environments. 

7. What if something goes wrong? 

If you are concerned with any part of this research, please contact our local line managers or our 

UK line manager. 

UK, IT line manager 1: Gioia Fusaro, gfusaro1@sheffield.ac.uk, +39 3495404068 

UK line manager 2: Wen-Shao Chang, w.chang@sheffield.ac.uk, +44 (0) 114 2220370  

mailto:w.chang@sheffield.ac.uk
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UK, line manager 3: Jian Kang, j.kang@ucl.ac.uk, +44(0)2031087338 

However, suppose you feel that your complaint has not been handled to satisfaction. In that case, 

you can contact the manager of Sheffield School of Architecture Research Ethics Committee: Dr 

Chengzi Peng, c.peng@sheffield.ac.uk, +44(0)114 222 0318. 

8. Will my taking part in this project be kept confidential? 

All the information that we collect about you during the research will be kept strictly confidential. 

You will not be able to be identified in any subsequent reports or publications. The project line 

managers will assign a code to your name at the beginning of the study to eventually track back 

your participation and keep your participation anonymous for future data elaborations. All the 

personal information we gather will be kept confidentially between the line managers of this project. 

9. What will happen to the results of the research project? 

Results from this study will be presented at international conferences and published in international 

journals. Results will always be presented in an aggregated and anonymised way, so 

confidentiality is always assured, and you will never be able to be identified as a participant.  

10. Data Protection Privacy Notice 

The controller for this project will be the University of Sheffield (UoS). The UoS Data Protection 

Officer provides oversight of UoS activities involving personal data processing and can be 

contacted at the head of data protection and legal services (Luke Thompson) email address: 

luke.thompson@sheffield.ac.uk. 

This ‘local’ privacy notice sets out the information that applies to this particular study. Further 

details on how UoS uses participant information can be found in our ‘general’ privacy notice: 

https://www.sheffield.ac.uk/govern/data-protection/privacy/general . 

The information required to be provided to participants under data protection legislation (GDPR 

and DPA 2018) is provided across both the ‘local’ and ‘general’ privacy notices. 

The categories of personal data used will be as follows: 

 Age (to detect differences in acoustic perception/preference according to age); 

 Gender (to detect differences in acoustic perception/preference according to gender). 

The lawful basis that would be used to process your personal data will be a task’s performance in 

the public interest. 

Your personal data will be processed so long as it is required for the research project. 

If you are concerned about how your personal data is being processed, or if you would like to 

contact us about your rights, please contact UoS in the first instance at 

luke.thompson@sheffield.ac.uk . 

11. Who is organising and funding the research? 

The University of Sheffield is sponsoring this research. 

Contact for further information: If you would like more information, please contact one of the 

Researchers: 

https://www.sheffield.ac.uk/govern/data-protection/privacy/general
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 Ms Gioia Fusaro gfusaro1@sheffield.ac.uk 

 Dr Wen-Shao Chang, w.chang@sheffield.ac.uk 

 Prof Jian Kang j.kang@ucl.ac.uk  

Thank you for reading this information sheet and for considering taking part in this research 

study. 

 

>>NEXT PAGE>> 

 

Consent Form: 

Please complete this form after reading the Information Sheet and/or 

an explanation about the research. 

Thank you for considering taking part in this research. The person organising the research must 

explain the project to you before you agree to take part. If you have any questions arising from the 

Information Sheet or explanation that was already given to you, please ask the researcher before 

deciding whether to join in. 

1. I confirm that I have read and understood the Information Sheet for the above study. I have 

had an opportunity to consider the information and what will be expected of me. I have also 

had the chance to ask questions that have been answered to my satisfaction and 

participate in this listening experiment. 

2. I understand that I will be able to withdraw my data up to the end of the experimental 

session. 

3. I consent to participate in the study. I understand that my personal information (gender, 

age) will be used for the purposes explained to me. I understand that according to data 

protection legislation, ‘public task’ will be the lawful basis for processing. 

4. I understand that all personal information (in this case, gender and age) will remain 

confidential and that all efforts will be made to ensure I cannot be identified. I understand 

that my data gathered in this study will be stored anonymously and securely. It will not be 

possible to identify me in any publications. 

5. I understand that my information may be subject to review by responsible individuals from 

the University for monitoring and audit purposes. 

mailto:w.chang@sheffield.ac.uk
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6. I understand that my participation is voluntary and that I am free to withdraw at any time 

without giving a reason. I understand that if I decide to withdraw, any personal data I have 

provided up to that point will be deleted. 

7. I understand that I will not benefit financially from this study or from any possible outcome 

it may result in in the future. 

 

I consent 

 

>>NEXT PAGE>> 

 

Get Ready! 

Before you start, we would like to make sure that you are sitting comfortably in a quite room wearing 

a pair of headphones for the experiment. If possible, please turn off sound notifications on your 

messengers. 

 

>>NEXT PAGE>> 

 

Headphones Calibration 

It is important for us to ensure the realistic exposure, so all recordings of everyday urban sounds you 

will hear are within the same volume range as the following calibration sounds. Their level is set not 

to exceed anything you encounter in your daily life. 

However, if you find it hard to adjust the sound level or the loud sample is too disturbing to you, please 

feel free to quit the experiment. 

On the next page, you will be instructed about how to set the headphones calibration and how to 

access the audiogram test. 

 

 



Gioia Fusaro - PhD Thesis 
 

251 
 

>>NEXT PAGE>> 

 

Headphones Calibration and Personal Audiogram 

Instructions 

Headphones Calibration and Personal Audiogram Instructions 

We now invite you to access the Headphones Calibration and Personal Audiogram test kindly. This preliminary 

test will take about 5 minutes. At the end of this preliminary test, we kindly ask you to save your personal 

audiogram and headphones volume with the personal ID we have assigned you p2. Thank you!  

By clicking the link below, you will be sent to an online page for the Audiogram test. There is no right or wrong 

answer, so just answer according to how you perceive the testing sounds. 

Once set, please DO NOT change the volume settings during the experiment. 

 

>>NEXT PAGE>> 

 

ParticipantSARE sent to the online calibration test at https://hearingtest.online/ 

Once the test is completed their audiogram is saved by their ID number and the headphones are 

calibrated. In the case their audiogram doesn’t show any severe hearing losses, they can continue the 

online questionnaire. 

 

>>NEXT PAGE>> 

 

Soundscape test 

Let's begin! If you have finished the personal audiogram test, you can keep going with the acoustic 

environments questionnaire by clicking on the next icon. During the experiment, you will hear a set 

of recordings (of 30 seconds each) of public places. Please listen to the recordings and answer the 

following questions. 

https://hearingtest.online/
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>>NEXT PAGE>> 

 

Screen 1 

When you are ready, please press play and listen to the recording of the public space. After you have 

listened to the recording, please answer the following questions about the acoustic environment 

you heard. 

1. While listening, please write down in the following tab any sound 

sources you can identify in this sound environment (please separate 

each sound source with a comma). 

 

>>NEXT PAGE>> 

 

Screen 2 

2. How did you hear the following four sounds? 

Scale: Not at all, A little, Moderately, A lot, Dominates completely 

Traffic Noise (cars, buses, trains, aeroplanes, etc.) 

Other noise (e.g. sirens, construction, industry, loading of goods) 

Sounds from human beings (e.g. conversation, laughter, children at play, footsteps) 

Natural sounds (e.g. singing birds, flowing water, wind in vegetation) 

 

>>NEXT PAGE>> 
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Screen 3-4 

3. For each of the 8 scales below, to what extent do you agree or 

disagree that the outdoor public space you heard is... 

Scale: Strongly agree, Somewhat agree, Neither, Somewhat disagree, Strongly disagree 

Pleasant 

Chaotic 

Vibrant 

Uneventful 

Calm 

Annoying 

Eventful 

Monotonous 

 

>>NEXT PAGE>> 

 

Screen 5 

5. Overall, how would you describe the outdoor public space you have 

just heard? 

Scale: Very good, Good, Neither bad nor good, Bad, Very bad 

6. How loud would you say this environment was? 

Scale: Not at all, Slightly, Moderately, Very, Extremely 

 

>>NEXT PAGE>> 
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Please indicate for each of the five statements below 

which is the closest to how you have been feeling over 

the last two weeks. 

Scale: All of the time, Most of the time, More than half of the time, Less than half of the time, Some 

of the time, None of the time 

1. I have felt cheerful and in good spirits 

2. I have felt calm and relaxed 

3. I have felt active and vigorous 

4. I woke up feeling fresh and rested 

5. My daily life has been filled with things that interest me 

Thank you for completing the questionnaire! 

Please continue to fill a short demographic form which will help us contextualise your answer. 

 

>>NEXT PAGE>> 

 

Demographic Questionnaire 

Thank you for completing the Acoustic Questionnaire! 

Before exiting the experiment, please fill a Short Demographic Questionnaire. All the information 

will be treated with respect to your privacy and will be stored anonymously according to the ID code 

that was assigned to you. 

1. How old are you? 

2. What is your gender? 

Male, Female, Trans, Non-Binary, I prefer not to answer 

3. Please specify your ethnicity 
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Asian or Pacific Islander, Black or African American, Hispanic or Latino, Native American or Alaskan 

Native, White or Caucasian, Multiracial or Biracial 

4.Have you ever been diagnosed with any hearing problems or neurological disorders affecting 

hearing? 

Yes, No 

5. What is the highest level of education you have completed? 

Primary school, Secondary school up to 16 years, Higher or secondary or further education (A-levels, 

BTEC, etc.), College or university, Post-graduate degree, Prefer not to say 

6. What is your occupational status? 

Student, Unemployed, Full-time employment, Part-time employment, Self-employed, Home-maker, 

Retired 

7. What is your occupational/study activity? 

8. Is your occupational/study activity mostly related to outdoor or indoor spaces? 

Indoor, Outdoors 

9. Do you practise sport? 

Yes, No 

9.b If yes, do you practice it indoors or outdoors? 

Indoor, Outdoors 

10. Has the actual Pandemic situation influenced your previous answers compared to those you 

would have given before COVID? 

Yes, No 

10.b If yes, in which way? 

11. According to the following scale, how do you judge your actual condition in terms of 

working/study environmental quality compared to the pre-COVID one? 

Much worst, Slightly worst, Unvaried, Slightly better, Much better 

12. In which geographical area are you taking this questionnaire? 
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13. What is the temperature in the room you are in? (Please specify if you are using Celsius or 

Fahrenheit degrees) 

13.b How would you rate the room where you are? 

Too cold, Slightly cold, Comfortable, Slightly warm, Too warm 

14. How humid is the room where you are? 

Too dry, Slightly dry, Comfortable, Slightly humid, Too humid 

15. How is the lighting condition in the room where you are? 

Too dark, Slightly dark, Comfortable, Slightly bright, Too bright 

16. How noisy is the acoustic environment of the room where you are? 

Very noisy, Slightly noisy, Slightly quite, Very quite 

17. Would you be interested in a system that allows natural ventilation and, at the same time, 

reduce the incoming noise? 

Not interested at all, Not very much interested, Slightly interested, Very much interested 

 

>>NEXT PAGE>> 

 

Debriefing 

Thank you for completing the Environmental Sound and Demographic Questionnaire! You have now 

finished the experiment successfully and contributed to the advancement of our research on 

Building Acoustics!!! 

How would you rate this questionnaire experience? 

Negative, Quite negative, Neutral, Quite Positive, Positive 

Your opinion is precious to us! Please, leave a comment about the experiment modality. If you think 

there is anything to improve, please write it below. 

 

 


