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 A B S T R A C T

In buildings, natural ventilation plays a major role in ensuring satisfactory indoor air quality levels, but 
increased noise levels due to urban noise may become an unwanted side effect. Hence, optimizing at the 
same time both noise reduction and ventilation represents a challenge in the sustainable design of innovative 
windows. A comprehensive understanding of the current state of the art, the design criteria most frequently 
used, and the correlations existing between the acoustic and ventilation performances is an essential step 
towards the development of window solutions for an efficient building envelope. Among the possible solutions, 
metamaterials offer new opportunities and customized solutions to solve this issue. This review aims to provide 
an accessible and updated overview of the criteria to adopt when developing efficient windows, focusing 
on metamaterial applications for designing innovative components able to promote effective ventilation 
simultaneously with sound attenuation. A total of 56 studies were reviewed to identify current research trends 
to address sound insulation and ventilation in windows using conventional approaches and metamaterials. The 
main streams of current research, the knowledge gaps, and the areas still to be explored are finally highlighted.
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1. Introduction

According to the Oxford Dictionary [1] a ‘‘window’’ is ‘‘an opening 
in a wall or roof of a building, admitting light or air and allow-
ing people to see out’’. As such, the two main functions are clearly 
identified in such definition, while no reference to noise (or even 
energetic) issues can be found, even though we know that, according 
to current regulations [2] those aspects gained equal importance in 
defining windows specifications. However, for an open window no such 
regulations apply, but for the final user in a typical urbanized context, 
opening a window always represents a balancing act between getting 
the advantage of natural ventilation and facing increased background 
noise levels due to outdoor sound entering freely. Thus, one of the main 
challenges that researchers are now facing deals with allowing ventila-
tion without affecting (or at least minimizing) noise annoyance. A series 
of studies pointed out that prolonged exposure to high noise levels 
impacts severely on human health, increasing the risk of cardiopathy 
and hypertension [3,4], or reducing the performance at work [5–7]. 
Even though acting on the source might represent the best strategy 
to minimize noise pollution, it is often arduous operating in this way. 
Hence, attenuating sound propagation by means of screens and barriers 
may be considered the most effective alternative to enhance acoustic 
comfort. To this purpose, windows play an important role in promoting 
human well-being in indoor environments considering the huge amount 
of time people spend there.

A number of solutions based on traditional windows have been pro-
posed in the literature and sometimes in the market, aiming at allowing 
noise reduction while simultaneously ensuring natural ventilation and 
daylight [8–10]. However, metamaterials (i.e. engineered materials 
designed to have properties not typically found in naturally occurring 
materials, arising from their shape, rather than their composition), 
and, among them, acoustic metamaterials (AMMs) have been recently 
investigated as a possible solution to a number of acoustic problems, 
including the design of innovative windows, capable of achieving good 
soundproofing properties while simultaneously allowing airflow [9]. 
Since the field of application of metamaterials in windows for noise 
attenuation and ventilation is relatively new within the research com-
munity, in the present context there is not a prevalent design that 
overcomes the others. Moreover, there is a lack of clarity about which 
method to follow for assessing such systems (e.g. ventilation rate com-
bined with noise reduction, manufacturing, metamaterial placement, 
etc.) [11].

However, a comprehensive review of metamaterial solutions ap-
plied to windows for simultaneous noise control and natural ventilation 
is still lacking. This motivated the present work, which explores the 
field of natural ventilation and noise reduction of window systems, 
focusing on different innovative solutions including metamaterials. The 
aim of this study is to develop a comprehensive and extended analysis 
of the methodology and of the experimental protocols used till now 
for developing innovative windows using either more ‘‘conventional’’ 
solutions or metamaterials. Following the above-mentioned research 
gaps, the underpinning research topics discussed in the present work 
are the analysis of the conceptual framework on window design the-
ory, the analysis of the existing literature on conventional solution 
and metamaterials for window applications that also addressed noise 
control, and the identification of principles and methods that are best 
fitted to designing soundproofed ventilated windows.
2 
The paper is structured as follows. Materials and research meth-
ods are discussed in Section 2. Section 3 focuses on the theoretical 
background and the main parameters discussed in the paper. The con-
ventional ventilation and sound control strategies taken into account 
for making an efficient window are presented in Section 4. Section 5 
introduces the metamaterial fundamentals related to the scope of this 
research. Sections 6 and 7 focus respectively on literature results about 
the application of metamaterials to design innovative meta-windows 
and on a discussion on limitations and challenges for AMMs. Finally, 
existing gaps and further research lines to follow are discussed in the 
Conclusions.

2. Materials and methods

2.1. Structured literature review

The presented research was a multi-step process (Fig.  1), carried out 
from different fields of study, to provide a multidisciplinary overview 
of the topic. A broad search was simultaneously performed (last up-
dated in November 2024) in major electronic databases: Web of Sci-
ence, Google Scholar, and Scopus. The PRISMA (Preferred Reporting 
Items for Systematic reviews and Meta-Analyses) approach [12] was 
followed.

The database search was carried out in two different steps; first, 
researching the combination of keywords ‘‘Ventilation AND Acoustics 
AND Window’’ within paper title, abstract and keywords, which, af-
ter excluding conference papers and contributions from non-pertinent 
fields, returned 94 papers, from which the 28 papers that contributed to 
Section 4.3 were identified. Then, a new search query further was used 
including the words ‘‘metamaterial AND acoustic AND (window OR 
ventilation)’’. This second step, after a similar exclusion of conference 
papers and contributions from non pertinent fields, provided 88 papers 
that were finally reduced to 11, that were discussed in Section 6 
together with extra cross-referenced papers that were identified while 
reading the selected papers.

2.2. Selection criteria

The selection process that brought from the results of the database 
query to the finally selected papers was the focus on window openings, 
including glass and frame. This means that studies related to the 
building envelope around the window, including devices like ducts, 
were not included in the review, as well as visually impairing solutions. 
Even if thermal transmittance occurs when the window system is open 
for natural ventilation, the key focus of this review is to compare 
the methods for achieving noise reduction and ventilation. Therefore, 
studies covering the thermal performances of the window and energy 
consumption estimation were not included in the paper. Titles and 
abstracts of all the papers resulting from the database query were then 
read to make sure they were suitable for the inclusion in the review. 
Removing duplicates from the two parallel searches and including cross 
referenced paper as well as fundamental studies required to explain 
some background concepts, resulted in a total of 28 papers discussed 
in Section 4 and 20 papers discussed in Section 6 (Fig.  1).
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Fig. 1. Schematic of methodological process followed during review process.
3. Acoustics and ventilation: theoretical background

The following section defines and summarizes the parameters in-
cluded in the reviewed papers in order to guide the readers towards 
a smooth interpretation of the results of the literature survey. The 
acoustic parameters discussed include the following:

• Transmission coefficient or Transmittance 𝜏. It is non-dimensional 
and defined as the ratio of the energy 𝑊𝑡 radiated by the test 
element from the receiver side and the sound power 𝑊𝑖 incident 
on the test element (on the source side): 𝜏 = 𝑊𝑡∕𝑊𝑖.

• Sound Reduction Index 𝑅, also referred as Sound Transmission 
Loss 𝑇𝐿 [13]. It is measured in decibels (dB) and defined as 
ten times the logarithm of the inverse of transmission coefficient: 
𝑅 = 10 log10(1∕𝜏). It can be measured in a standing wave tube 
according to ASTM E2611 standard [14], or under diffuse and 
stationary sound field conditions according to ISO 10140 [13] or 
ASTM E90 [15], it can be determined as the difference between 
𝐿1 and 𝐿2, respectively the spatially averaged sound pressure 
levels in the source and in the receiving room, corrected by a 
logarithmic term that accounts for the area of the free test open-
ing in which the test element is installed (𝑆) and the equivalent 
sound absorption area in the receiving room (𝐴), in square meters: 
𝑅 = 𝐿1 − 𝐿2 + 10 log10(𝑆∕𝐴).

• Insertion Loss 𝐼𝐿, is defined as the level difference, in decibels 
(dB), at a receiver point, with and without an element in between: 
𝐼𝐿 = 𝐿𝑤∕𝑜−𝐿𝑤; where 𝐿𝑤∕𝑜 is the sound pressure level measured 
in a specific point without the test element and 𝐿𝑤 is the sound 
pressure level measured in the same point with the test element. 
It can be measured with reference to pipe silencers according to 
ISO 11691:2020 [16], or to barriers-like devices according to ISO 
10847:1997 [17], although several non standard measurement 
are often found with reference to metamaterial characterization in 
order to replicate numerical setups [18]. Being the 𝐼𝐿 calculated 
as a sound pressure level difference, it is sometimes referred to as 
𝛥𝐿 [19].

Several authors [19–21] evaluated the noise control ability of the 
proposed metamaterials by considering the reflected and absorbed 
sound energy. Therefore, it is not unusual to characterize an element 
by means of the following non-dimensional acoustical parameters:

• Absorption coefficient 𝛼, calculated as the ratio of the energy 𝑊𝑎
absorbed by the test element and the sound power 𝑊𝑖 incident 
on the test element: 𝛼 = 𝑊𝑎∕𝑊𝑖. Normal incidence values can be 
measured in an impedance tube according to ISO 10534-2 [22] 
or ASTM E2611 [14].

• Reflection coefficient 𝑟, calculated as the ratio of the energy 𝑊𝑟
reflected by the test element and the sound power 𝑊𝑖 incident on 
the test element: 𝑟 = 𝑊 ∕𝑊 .
𝑟 𝑖

3 
With reference to windows, there is a significant variation among 
authors when describing the extent of the opening. In particular, the 
following parameters are used:

• Opening rate or opening area (in m2),
• Opening degree (-) represented by the ratio of the opening angle 
to the maximum openable angle,

• Ventilation area (%), defined as the ratio of the open area to the 
total area.

With reference to ventilation efficiency and pollutant dilution, win-
dows are usually characterized by means of [23]:

• Ventilation Rate 𝑄, measured in cubic meters per second (m3/s), 
and defined as the volume of fresh air per unit time entering the 
room.

• Air change rate per hour 𝐴𝐶𝑅 (or 𝐴𝐶𝐻), measured in volumes 
per hour (h−1), and defined as the ventilation rate but normalized 
to the room volume (𝑉 ) and referenced to one hour (𝐴𝐶𝑅 =
3600 ⋅𝑄∕𝑉 ).

• Discharge coefficient 𝐶𝑑 , defined as a function of 𝑄 and the 
pressure difference across the opening, according to the following 
equation: 𝐶𝑑 = 𝑄∕(𝐴

√

2𝛥𝑝∕𝜌), where 𝐴 is the opening area (m2), 
𝛥𝑝 is the pressure gradient, 𝜌 is the air density (kg/m3). The 
discharge coefficient is the primary fluid dynamic descriptor of 
an opening behavior and takes into account friction and contrac-
tion [24] and it can be expressed as 𝐶𝑑 = 1∕

√

𝜁 , where 𝜁 is the 
flow resistance coefficient.

• Local Mean Age of air 𝐿𝑀𝐴, measured in seconds (s), defined as 
the average time taken by air molecules to reach a fixed position 
since they enter a ventilated domain.

• Age of Air, 𝐴𝑜𝐴, defined as the spatial average of 𝐿𝑀𝐴 across a 
given volume of the ventilated domain.

Among them, the most widespread used are certainly the first two 
because, as a consequence of the application of many energy saving 
regulations, they need to be measured (with closed windows) to char-
acterize air-tightness of buildings according to ISO 9972 [25], but can 
be adapted to qualify the performance of open windows under fixed 
indoor–outdoor pressure differences. In addition to the standardized 
method cited above, assessment of ventilation efficiency is usually 
performed by using tracer gas methods. These tests assume the injection 
of a gas into the tested area and the consequent measurement of its 
concentration as a function of time. These techniques are used for 
determining the air age distributions and the ventilation efficiency in 
a specific space. Different gases can be used, but Carbon dioxide CO2, 
being related to occupants’ activity, is the most frequently used. Von 
Grabe et al. [26], starting from the exponential equation that expressed 
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Fig. 2. Main window types tested at different opening rate: (a) Double vertical slide 
window (b) turn window (c) tilt window (d) awning window (e) horizontal pivot 
window (f) vertical pivot window.
Source: Reproduced with permission, from Ref. [26], Copyright 2014, Elsevier.

the CO2 concentration as a function of time in an unoccupied room, 
obtained the 𝐴𝐶𝑅 as: 
𝐴𝐶𝑅 = (1∕𝑡) ln[(𝐶0 − 𝐶𝑒𝑥𝑡)∕(𝐶(𝑡) − 𝐶𝑒𝑥𝑡)] (1)

where 𝑡 is the time, 𝐶0 is the initial concentration, 𝐶𝑒𝑥𝑡 is the outdoor 
concentration, and 𝐶(𝑡) is the concentration at time 𝑡. Finally, with 
reference to the ventilation behavior of metamaterials, the surveyed lit-
erature has been proposing a number of non-conventional approaches, 
including:

• Open Area Fraction 𝜙, defined as the percent ratio of the open 
area to the overall sample area.

• Pressure Drop 𝛥𝑝, measured in Pascals (Pa), appearing between 
the two faces of a sample (upstream and downstream) when it is 
inserted in a forced ventilation field [27].

• Airflow resistivity 𝜎, measured in Pa/(s m2), defined as the steady 
pressure difference 𝛥𝑝 across a sheet, normalized upon the prod-
uct of the steady volume velocity per unit area, 𝑢′ and the 
sheet thickness. Such parameter, when referred to porous ma-
terials characterization, is measured according to ISO 9053-1 
standard [28].

4. Ventilation and sound control strategies for windows

The following section is subdivided into three subsections including 
first some fundamental studies on ventilation efficiency in windows 
and sound insulating characterization of openings, followed studies on 
innovative sound control strategies applied to conventional windows 
were considered (Table  1).

4.1. Studies on ventilation efficiency

Natural ventilation is an effective means to reduce cooling loads 
in buildings [29] while improving thermal comfort [30] and saving 
4 
Fig. 3. Predicted air flow patterns in a building with buoyancy-driven natural venti-
lation (a) and wind driven ventilation (b).
Source: Reproduced under CC BY 4.0 licence from Ref. [33].

energy by 10% to 30% [31]. Many existing studies do not consider 
that the ventilation rate changes as a function of window type, opening 
area, and opening degree [29,32], resulting in the widespread practice 
of using a constant ventilation rate for predicting energy in buildings, 
which can cause inaccurate results [29]. Thus, continuing efforts ex-
ploring the correlation between natural ventilation effects and window 
design were developed [24].

The window performance is mainly influenced by the relative posi-
tion within the building, the window type, and the geographical area. 
Von Grabe et al. [26] tested six different windows (double vertical slide 
window, turn window, tilt window, awning window, horizontal pivot 
window and vertical pivot window) measuring the mass flow, the air 
change rate and the CO2 removal rate, each of them normalized to 
a temperature difference of 1 K (Fig.  2). They found that the double 
vertical slide and the horizontal pivot window, were the most effective.

Some studies have been performed under natural conditions with-
out effective separation of the buoyancy and the wind force. Under 
these measurement conditions, buoyancy effects cannot be directly 
analyzed. Gan [33] found that besides buoyancy force, external wind 
flow significantly affected natural ventilation. Different simulations 
demonstrated that to achieve the desired environmental quality in a 
naturally ventilated building, intelligent control based on wind-driven 
ventilation at the design stage should be taken into account (Fig.  3).

Computational Fluid Dynamic (CFD) models have been a valid 
support tool for the parametric study of ventilation in controlled con-
ditions. Computation of natural ventilation airflow through windows 
is most frequently performed taking into account discharge coeffi-
cients that consider the airflow efficiency or, alternatively, the airflow 
resistance of openings.

Heidelberg et al. [24] characterized airflow from open windows and 
air distribution; based on the estimation of discharge coefficients, they 
concluded that invariably using the common value of 0.6 can lead to 
serious errors in the prediction of ventilation rate. This is due to the 
strict correlation of the discharge coefficient to different factors such 
as the degree of opening area, the window design, the airflow and the 
temperature difference.

Liu et al. [29] investigated by CFD simulations and statistical anal-
yses the influence of window designs (geometry, opening area, orienta-
tion, ventilation mode) on natural ventilation performances using the 
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Table 1
Summary of the main results from the studies on conventional ventilation solutions.
 Ref. Driving 

forces
Windows type Ventil. 

Param.
Acoust. 
Param.

Methodology Vent. Methodology 
Acoust.

Outputs  

 Heiselberg 
et al. [24]

Wind and 
buoyancy 
effect

Bottom hung,side hung 
windows

𝐶𝑑 – Experimental method, 
(smoke test)

– 𝐶𝑑 (large opening areas 
0.6; larger value for small 
opening areas)

 

 Von Grabe 
et al. [26]

Wind and 
buoyancy 
effect

Double vertical slide, 
turn, tilt, awning, 
horizontal pivot and 
vertical pivot

𝐴𝐶𝑅, mass 
flow

– Experimental, 
Concentration decay 
method

– Mass flow vs opening rate 
comparing different 
windows; CO2 decay; Mean 
𝐴𝐶𝑅 (1.17–1.22)

 

 Liu et al. 
[29]

Wind effect Bottom hung side, top, 
sliding

𝐴𝐶𝑅, 
Optimum 
window 
opening

– Experimental (gas 
tracing), numerical 
(CFD)

– Simulated and predicted 
𝐴𝐶𝑅s; 𝐴𝐶𝑅 for different 
opening degree (𝐴𝐶𝑅𝑚𝑎𝑥 =
11.1)

 

 Yang et al. 
[32]

Wind effect Windows with different 
opening angles

𝐶𝑑 , Loss 
coefficient

– Experimental (wind 
tunnel); numerical 
(CFD)

𝐶𝑑 vs. opening angle  

 Von Grabe 
[33]

Wind and 
buoyancy 
effect

Symmetric and 
non-symmetric windows

Air flow 
resistance 
value

– Numerical model (flow 
resistance inferred by 
mass flow)

– Flow resistance vs opening 
rate (cm2), 
𝜁 = 0.0018 ∗ 𝐴 − 0.1351 (for 
an opening area > 1000 
cm2)

 

 Sakamoto 
et al. [34]

Louvers with Helmholtz 
resonators

𝑇𝐿 – Experimental, 
numerical

𝑇𝐿, (peak frequency was 
approximately 1000 Hz)

 

 Koffi et al. 
[35]

Wind effect Window with acoustic 
shutters

𝐴𝐶𝑅 – Experimental, (Decay 
method);Numerical 
(CFD)

– 𝐴𝐶𝑅 ≈ 4 h−1  

 Yu et al. [36] – Open single window, 
double glazing window; 
open double glazing 
with sound absorber 
honeycomb

– 𝑇𝐿 – Numerical, (FEM 
model)

Sound reduction index, 
(𝑅𝑚𝑎𝑥 = 20 dB @ 250 Hz), 
Absorption coefficient

 

 Lee et al. 
[37]

– Plenum window with 
sonic crystals

– 𝐼𝐿 – Numerical, 
Experimental

Peak 𝐼𝐿 ≈ 5.5 dB  

 Du et al. 
[38]

Wind effect Sound-proofed 
ventilation window, 
side hung double 
glazing windows in a 
test building

ACR 𝑇𝐿 Experimental (gas 
tracing)

Experimental 
numerical

𝑇𝐿, 𝐴𝐶𝑅 vs. opening 
degree 
(8.57≤ 𝐴𝐶𝑅𝑚𝑎𝑥 ≤8.82)

 

 Nishimura 
et al. [39]

– Casement windows 
with different 
ventilation units

– Resonance 
freq., 𝐼𝐿

– Analytical –  

 Nguyen et al. 
[40]

– Casement windows 
with different 
ventilation units

– 𝐼𝐿 – Analytical, 
Experimental 
(reverberation 
chamber)

Attenuation ≈5 dB above 
1500 Hz

 

measured air change per hour as the criterion to quantify the natural 
ventilation performances. To maximize the use of natural ventilation 
with a maximum air change per hour in residential buildings, they 
found that the optimum window opening degree should be in the range 
of 0.6 to 0.9.

Yang et al. [32] compared simulated and measured pressure dif-
ferences across the openings with specific airflow rates showing that 
CFD simulation can achieve accurate results. Furthermore, they found 
a clear dependence of the discharge coefficient on the opening angle.

4.2. Studies on sound insulation properties

In this section the sound insulation properties of open windows 
are discussed. In fact, even though an open or partly open window 
clearly offers limited protection from outdoor noise, it is important 
to qualify the extent of its effect, in order to benchmark the effect 
of more sophisticated solutions. An important aspect to point out 
here is that measurement methodologies are hardly comparable among 
them, because researchers referred to different parameters and used 
methodological approaches that are not complying with standardized 
5 
procedures (or comply with national regulations that differ from each 
other), also making it difficult to separate the contribution of the 
window from that of the walls. The same issues appear among papers 
discussed in next sub-section. In addition, all façade-related measure-
ments, even with windows closed, are affected by high frequency 
uncertainty depending on direction of the sound incident on the façade 
itself [41].

A study by Ryan et al. [42] in Australian residential buildings with 
open windows, outlined indoor–outdoor differences in 𝐿𝐴,𝑒𝑞 spanning 
between 5 dB and 15 dB, with the significant span being more related 
to wall and interior finishes than to windows features.

Blanco et al. [43] combined experimental and numerical data to 
obtain simple prediction models of noise attenuation as a function of 
opening area, obtaining a logarithmic dependence on the area related 
to the window typology. Bottom hung and sash windows showed 
the steeper variation (−10 log(𝐴)) while side hung opening outwards 
showed the minimum (−1.5 log(𝐴)).

A study carried out by Locher et al. [44] on 155 windows, showed 
that the median indoor–outdoor A-weighted sound pressure levels dif-
ference was 10 dB, which raised to 16 dB when windows were tilted 
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Fig. 4. Examples of silencing louvers embedding Helmholtz resonators as proposed by 
Lee at al. [47], and Sakamoto et al. [34].
Source: Reproduced with permission from Ref. [47], Copyright 2015, American Physical 
Society, and under CC BY-NC-ND 4.0 licence from Ref. [34].

(with an opening angle between 5◦ and 10◦), while the median dif-
ference for closed windows was 28 dB. Similarly, Yang et al. [45] 
investigated 19 South Korean schools proving that open windows only 
reduce outdoor 𝐿𝐴,𝑒𝑞 by 7 to 9 dB. Comparable results were found by 
Søndergaard and Sell [46] that analyzed different types of partially 
opened windows, obtaining sound reduction index smoothly growing 
as a function of frequency, but never exceeding 10 dB.

4.3. Studies on sound insulation devices applied to conventional windows

Considering the poor insulating performance outlined by previous 
studies, many researchers, in order to mitigate high urban noise levels 
while allowing ventilation, studied louvers, shutters, and other devices, 
aiming at finding a suitable compromise. A comprehensive review was 
presented by Tang in 2017 [9], while more recent contributions are 
presented here.

Lee at al. [47] investigated different types of louver-like acoustic 
absorbers embedding two Helmholtz resonators (Fig.  4a), providing 
an almost perfect cancellation of sound around a specific frequency 
(2200 Hz), while allowing visibility and air flow. However, despite the 
very good performance at the specified frequency, in the remaining 
frequency range transmission remains high.

Similarly, Sakamoto et al. [34] experimentally studied a sound 
reduction structure integrating thin Helmholtz resonators into each 
louver element by using three different parameters of the resonator as 
internal thickness of the cavity, number of necks and holes (Fig.  4b). 
They demonstrated that sound attenuation increased significantly for 
the 2 mm internal thickness of the cavity and when the hole diameter 
was equal to the internal thickness of the cavity. On the other hand, at 
clearances of 8 mm, there was almost no attenuation.

Koffi et al. [35] carried out a parametric study on the geometry of 
different shutter configurations, varying the spaces between the slats, 
the position (horizontal and vertical), the width and the inclination 
angle. Furthermore, by measuring the carbon dioxide concentration 
with the decay method, they found an 𝐴𝐶𝑅 of about 4 h−1, which is 
28% of the airflow rate for a normal window without shutters. The 
measured sound reduction index, instead, assumed a value of about 
12 dB at higher frequencies.

Nishimura et al. [39] presented a model for windows and doors 
combining noise reduction with natural ventilation and predicting the 
insertion-loss of rectangular ventilation units with input and output 
openings at various positions.

Similarly, Nguyen et al. [40] proposed a new model of window 
which can allow ventilation and has soundproofing abilities. The sound-
proofing ventilation unit is constructed using a cubic and oblique 
parallelepiped (to account for sun-ray angles) with input and output 
openings at both ends, located at various positions. The results obtained 
by measurements based on insertion loss and reverberation chamber 
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Fig. 5. Schematic of a typical plenum window made up by two vertical slide windows 
with shifted inlet and outlet.

tests, allow them to state that the acoustic characteristic of oblique par-
allelepiped is similar to the cubic ones. Moreover, aiming at maximizing 
the soundproofing capability, the authors confirmed that it is necessary 
to minimize the effect of the plane wave sound pressure component 
and use sound-absorbing materials inside the soundproofing ventilation 
unit.

Staggered or plenum windows represent another alternative way to 
achieve soundproofed and ventilated windows replacing the conven-
tional windows (Fig.  5). The term staggered specifies that the structure 
consists of a double or multiple glazing placed at a fixed distance [48]. 
In this kind of window there are different inlet and outlet openings. 
Different research approaches describe the potentiality of such a design 
to mitigate the noise, allowing a good ventilation contribution. Yu 
et al. [36] stated that noise transmission reduction is provoked by the 
cavity resonance effect in the low-mid frequency range. On the other 
hand, soundproofing can be achieved by optimizing the placement of 
damping materials in the sound channel and the window geometry.

Tong et al. [49] carried out a study on a full scale plenum window, 
showing that compared to standard side-hung windows (whose perfor-
mance was in line with values observed before with 𝑇𝐿 ≈ 7 dB), an 
improvement ranging from 7 to 10 dB could be achieved, also fitting 
the gap with sound absorbing materials. The addition of solid scatterers 
inside the plenum window proved to further increase the insulating 
performance, particularly in the high frequency range [50].

Lee et al. [37] investigated a plenum window with incorporation of 
sonic crystals. The additional insertion loss that could be obtained by 
three sonic crystals placed between two glasses was computed through 
a commercial software and was validated through experimental results 
from reverberation rooms. The crystals were able to attenuate addi-
tional 4.2 dB and 2.1 dB of traffic and construction noise, respectively, 
with a peak at 630 Hz.

Du et al. [51] studied the effect of the design parameters on plenum 
windows, demonstrating that when the half wavelength of imping-
ing sound is smaller than the air-gap spacing, the 𝑇𝐿 can be im-
proved (by up to 3 dB) by reducing the opening sizes and increasing 
glass thickness, while limited change result from variations in air-gap 
spacing.

Finally, another approach that is recently found in literature is the 
use of active noise control (ANC). The working principle of the ANC 
technique derives from the destructive interference between the sound 
fields of the primary source and the controlled secondary source [52]. 
Du et al. [38] subdivided the devices and techniques for simultane-
ous noise reduction and natural ventilation into three categories: (1) 
ventilation openings with noise control strategies implemented, with 
quarter-wavelength resonators, porous linings and ANC techniques; 
(2) conventional windows integrated with ANC techniques, balconies, 
eaves/louvers, aerators and (3) plenum windows with/without ANC 
and Passive Noise Control (PNC) techniques implemented (Fig.  6). They 
compared the ventilation and acoustic performances of sound-proofed 
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Fig. 6. Typical disposition and configuration of sound proofed ventilation window with mechanical ventilation system.
Source: Reproduced with permission, from Ref. [38], Copyright 2020, Elsevier.
windows with conventional ones, concluding that sound reduction 
index was 13 dB higher in the first case and 𝐴𝐶𝑅 was 4 times higher 
than a conventional opening with a similar open surface area.

In recent years many studies focussed on the use of ANC techniques 
to improve the performance of ventilated openings [53–56], confirming 
the potential of this technique which, when applied around the pe-
riphery of the opening offers minimum visual obstruction without any 
reduction of ventilation, and a frequency range that can be optimally 
controlled by the loudspeaker spacing. However, such advantages can 
be obtained at the expense of the significant complexity of installation 
resulting from the presence of the active part. Among the active ap-
proaches to reduce noise annoyance while keeping good ventilation, it 
is worth mentioning windows with integrated mechanical ventilation 
that allow a smaller opening area without affecting the air exchange 
rate, with important consequences in terms of acoustic comfort and 
energy saving [57,58].

5. Ventilated acoustic metamaterials

In the last years, the rising interest in ventilated acoustic meta-
materials proved that they could be considered promising candidates 
for developing novel window structures to attenuate transmitted sound 
waves, while ensuring ventilation. In fact, the idea behind metama-
terials is that by properly designing the shape of any material it is 
possible to obtain unconventional properties that can hardly be found 
in natural materials. These unusual physical properties also allow 
acoustic metamaterials to effectively operate at a sub-wavelength scale 
(i.e. acting on frequencies whose corresponding wavelengths are signif-
icantly larger than the actual device dimensions). To this purpose, it is 
important to point out that sonic (or phononic) crystals, that sometimes 
are improperly included among AMMs as they take advantage of a 
periodic lattice (1D, 2D, or 3D) that creates cancellation of frequencies 
depending on the elements spacing, being effective at wavelengths that 
are comparable to the size of the unit cell in the crystal, should not 
be strictly considered as acoustic metamaterials. In fact, in order to be 
considered as AMMs, the proposed solutions should operate at a sub-
wavelength scale, meaning that the structures must have dimensions 
significantly lower than the wavelength of the sound they want to cope 
with.

By analyzing the reviews on acoustic metamaterials [59–61] and 
ventilated acoustic metamaterials [62,63] that have been published, 
independent of their focus or time frame taken as reference, it ap-
pears a certain difficulty in properly classifying the underlying physical 
principles behind metamaterial behavior. Thus, before delving into 
the detailed analysis of the literature dealing with ventilated acoustic 
metamaterials that can be used in window design, given the complexity 
of the physical phenomena that are involved, it can be useful to briefly 
recall the basic principles that explain acoustic metamaterial behavior.

Acoustic metamaterials for sound absorption and insulation usually 
rely on the use of two fundamental principles. On one hand, they take 
advantage of locally resonating elements, such as Helmholtz resonators, 
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membrane-based structures (including both perforated and decorated 
membranes), and quarter-wavelength resonators (closed channels and 
their spatially folded variations). On the other, sound manipulation 
takes place by means of an apparent change of diffraction index ob-
tained through the use of spatial structures that may be folded (or 
coiled), originating more or less complex labyrinthine structures. Com-
binations of different principles or use of arrays showing a gradual 
variation of properties, can be used to extend the operational frequency 
band.

When sound interacts with solid structures like metamaterials, vis-
cous and thermal dissipations take place and, in a macroscopic descrip-
tion of sound propagation, the density 𝜌 and the bulk modulus 𝐾, which 
normally are real numbers, must be replaced by complex (frequency 
dependent) quantities. Both these quantities play an essential role in 
determining the acoustic behavior of a material. In fact, sound propaga-
tion within a structure can be modeled as taking place in an equivalent 
homogeneous fluid, with sound wave speed 𝑐 =

√

𝐾∕𝜌 and character-
istic impedance 𝑍 =

√

𝐾𝜌. The latter quantity, representing the ratio 
between acoustic pressure and particle velocity, influences every as-
pect of wave–surface interactions, thus affecting sound absorption and 
transmission of sound through partitions. Needless to say, both sound 
speed and characteristic impedance are functions of the frequency 
of sound. As said, for traditional composites, both 𝜌 and 𝐾 are real 
and positive, whereas negative values can originate from specifically 
designed acoustic metamaterials. Materials with either a negative mass 
density or bulk modulus are called single negative. Single-negative 
materials cannot support propagating waves, so any acoustic wave 
in those materials will exponentially decay, thus minimizing sound 
transmission.

Helmholtz resonators consist of a cavity connected through a pro-
truding or intruding neck (Fig.  7a,b). When a sound wave interacts with 
the neck, the air inside the cavity vibrates, creating resonance. At the 
resonance frequency, the air in the resonant cavity reacts against the 
compression force applied by the sound wave entering the resonator 
neck. The expansion motion of the waves accumulated in the cham-
ber (equivalent to the spring displacement in a spring–mass system) 
allows the negative value of the 𝐾 modulus to be responsible for the 
attenuation of the sound waves [59]. These resonators are often used 
in conventional noise reduction devices thanks to their tunability. The 
resonant frequency is determined by the dimensions and shape of the 
cavity and the neck. Helmholtz resonators can have various shapes, 
such as cuboids, L-shapes, rings, or origami [21,27,64–66].

Membrane resonators consist of a thin membrane stretched over a 
rigid structure so that when an acoustic wave hits the membrane, it 
vibrates at its resonant frequency, with a maximum amplitude, dissipat-
ing energy. While perforated membranes (Fig.  7c) add to the previous 
dissipating mechanism also the thermo-viscous effects taking place 
through the perforations and have long been used in conventional ap-
plications [67,68] thanks to Maa’s studies [69], decorated membranes 
are more recent and relevant to AMMs. In fact, decorated membranes 
consist of a thin membrane stretched on a frame or rigid support, with 
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Fig. 7. Schematic diagrams of different metamaterial principles: (a) Helmholtz resonator with protruding neck; (b) Helmholtz resonator with intruding neck; (c) Perforated 
membrane; (d) Decorated membrane; (e) Quarter-wavelength resonator; (f) Coiled quarter-wavelength resonator; (g) gradient-resonator array (rainbow trapping); (h) refraction 
index manipulation (Fano-like).
the addition of one or more mass elements (such as weights, blocks, 
or rings) attached to the surface [70,71] (Fig.  7d). The added masses 
create local resonances on the membrane and at frequencies close to 
resonance, where the membrane oscillates in opposite phase to the 
applied force, a negative value of the dynamic mass density is obtained. 
This negative density represents the mechanism responsible for sound 
control behavior of locally resonant acoustic metamaterials [72].

Quarter-wavelength acoustic resonators are a tube-like structures 
with one open end and one closed end (Fig.  7e), designed to resonate 
with sound waves whose wavelength is four times the length of the 
tube. At resonance frequency, and relevant multiples, such resonators 
work as effective stop band devices. Tubes can be folded to save 
space and reduce overall dimensions (Fig.  7f), resulting in the so 
called ‘‘coiled resonators’’ [73–75]. However, they are characterized 
by a relatively narrow band. So, in order to broaden their response 
it is not unusual to find them organized into stacks [19,76], or, more 
frequently into gradient-arrays (Fig.  7g) characterized by gradually 
changing geometrical parameters [18,77–79]. For their ability to act 
on a broader spectrum, such gradient-arrays are sometimes referred to 
as rainbow-traps [80].

Although the concepts of negative mass density and bulk modulus 
represent key factors for designing acoustic metamaterials, they are not 
the only parameters to control. In fact, the refractive index 𝑛, which 
strictly depends on both 𝜌 and 𝐾 also plays a key role in the control of 
wave propagation. For example, coiled-up space metamaterials could 
be designed by assembling the coiled channels into a two-dimensional 
network [81]. The folding space principle, lets the sound travel into 
channels so that when it comes out (as being reflected or transmitted), 
it will appear as having propagated at a slower speed (thus giving the 
structure an apparently higher refractive index), finally resulting in a 
phase change that, properly controlled, yields an increased absorption 
of sound waves [60,82]. A typical application of this principle is 
obtained when sound propagates either through a ‘‘direct’’ wave path 
and a longer (labyrinthine) wave path (Fig.  7h). The interaction of the 
two waves can lead to an asymmetrical spectral response, characterized 
by a monopolar–dipolar interaction, usually referred to as Fano-like 
interference [83], which is particularly useful to broaden the frequency 
range where the AMM is effective [84–86].

6. Results of literature survey

Eighteen research papers were selected for the literature survey, 
choosing solutions that could have application in windows and pro-
vided sufficient acoustic data supporting their sound insulating per-
formance. Airflow or flow rate analysis was only discussed in five of 
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the surveyed papers, but to allow some comparisons the open area 
fraction was calculated for all the papers, based on published data. To 
compare acoustic performance of selected solutions, 𝑇𝐿 as a function 
of frequency was considered, also retrieving the information from 
other published data (e.g. transmission coefficient). As most papers 
refer a desirable 𝑇𝐿 of 10 dB (𝑇𝐿 ≥ 10 dB), reasonably derived 
from the psychoacoustic response of the ear [87], and the average 
improvement obtainable using ‘‘conventional’’ window solutions, such 
threshold was also reported in the subsequent figures where results 
were compared. In case of multiple results available for the same paper, 
for the sake of brevity, the curve corresponding to the best behavior 
of the metamaterial unit cells as sound insulating materials (i.e. with 
the highest 𝑇𝐿 and the largest frequency band) was selected. Given 
the complexity inherent in the identification of the different AMM, and 
in order to ease comparison among more homogeneous behaviors, in 
the following subsections the surveyed papers were grouped according 
to the following criterion: individual resonance AMMs, stacked AMMs, 
broad-band AMMs, and others.

6.1. Individual resonator AMMs

The first group of metamaterials that were reviewed included those 
that are characterized by systems that use individual resonators (single 
frequency).

Kumar et al. [21] proposed a resonant unit cell realized by con-
necting a central square ventilation hole to a chamber via two square-
shaped necks (Fig.  8(a)). The possibility of assembling the unit cells 
with a simple jigsaw puzzle-like technique, allows to customize an easy-
to-apply metasurface for covering large surfaces as window glasses.

Zhang et al. [71] combined a perforated membrane-type acoustic 
metamaterial with a plate-type acoustic metamaterial to also achieve 
low frequency insulation (Fig.  8b). In fact, with the proposed design, 
in addition to a broad mid-frequency 𝑇𝐿 peak laying around 1 kHz 
depending on tested configuration, they managed to obtain a lower 
(and narrower) peak around 300 Hz. However, the open area fraction 
was only about 1.17%.

Wang et al. [20] designed a constrained membrane characterized by 
negative values of bulk modulus and dynamic mass density (Fig.  8c). 
They proposed a unit cell with a central circular orifice rigidly con-
nected to a frame by a constraint stick. The realized structure supports 
a thin plate capable of vibrating. The fluid flow passing through the ori-
fices is subjected to dramatic pressure and velocity fluctuations before 
interfering with the sound wave reflected by the plate. A matrix of unit 
cells of different sizes was designed in order to create a perforated panel 
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Fig. 8. Metamaterial structures employing resonators optimized for individual frequencies, including Helmholtz devices by (a) Kumar et al. [21]; decorated membranes by (b) 
Zhang et al. [71] and (c) Wang et al. [20]; coiled resonators by (d) Guan et al. [73] and (e) Zhang et al. [74].
Source: Reproduced with permission from Ref. [21], Copyright 2020, Elsevier, from Ref. [20], Copyright 2019, AIP Publishing and under CC BY 4.0 licence from Ref. [73,74] .
Fig. 9. Comparison of measured (−) and simulated (⋯) 𝑇𝐿 curves for metamaterials 
proposed by Wang et al. [20], Guan et al. [73], Wu et al. [88], Kumar et al. [21], 
Zhang et al. [71], and Zhang et al. [74].

able to dissipate sound due to the viscous effects and the destructive 
interference between the sound fields radiated from the vibrating plate 
and transmitted through the holes.

A different approach was followed by Guan et al. [73], who used six 
ultra-thin coiled unit cells for delimiting a tunnel structure (Fig.  8(d)). 
The thermo-viscous energy loss and the reflected phase delay due to 
the coiled structure led to a low reflection of sound through the tunnel. 
Seven tunnel structures were placed side by side at appropriately cho-
sen distances in order to develop a metawindow with low-frequency, 
low-reflection bidirectional sound insulation.

Recently, Zhang et al. [74] proposed a ventilated metasurface where 
openings are connected to labyrinthine channels that can be parametri-
cally optimized to change its length (Fig.  8e). The resulting opening is a 
30 mm square with 115 mm spacing, yielding a 7.4% opening rate. The 
proposed device offers a 𝑇𝐿 up to about 20 dB at individual frequencies 
in the range from 350 Hz to 400 Hz.

Fig.  9 compares the normal incidence transmission loss spectra 
obtained from finite element simulations of the previously described 
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devices. Taking into account the metamaterial proposed by Kumar 
et al. [21], the reproduced curve refers to a ventilation area of 45% 
and a neck cross-section size of 8 mm 𝑥 8 mm; the analyzed frequency 
range spanned from 300 to 1600 Hz. As can be seen, the use of the 
Helmholtz resonator principle allows the achievement of a 𝑇𝐿 ≥ 10 dB 
starting only from 900 Hz where an evident local bandgap behavior 
occurs.

For the perforated and constrained membrane [20], the reproduced 
𝑇𝐿 curve refers to the 6 mm in diameter orifices. The metamaterial 
unit cell exhibits a single peak with 𝑇𝐿 values of more than 10 dB 
in a frequency range approximately from 350 Hz to 550 Hz, reaching 
a maximum value close to 25 dB around 340 Hz. Variations in the 
orifice size or the loss factor of the membrane do not affect the behavior 
of the metamaterials in terms of frequency range. Only the 𝑇𝐿 peak 
could be improved up to almost 40 dB by reducing the damping with 
subsequent effects on the plate vibration amplitude. A similar single 
peak behavior was observed when simulating the 𝑇𝐿 curve of the 
metamaterial proposed by Guan et al. [73]. The 𝑇𝐿 curve of the 
tunnel structure exceeds 10 dB in the frequency range between 340 
and 360 Hz, with a maximum value close to 30 dB at 430 Hz. The 
device proposed by Zhang et al. [74] operated in the same frequency 
range with narrow band peaks that, according to both simulations 
and measurements could achieve a maximum of 25 dB in 𝑇𝐿. The 
comparison between the numerical and the experimental results proves 
that the measured data were generally in very good in agreement with 
the simulated ones.

6.2. Stacked resonators AMMs

A second set of researches involves metamaterial designs that, al-
though relying again on one single resonant process, managed to extend 
the frequency range where the device is effective in insulating sound 
by stacking several devices.

Xiao et al. [19] proposed a metamaterial unit cell composed of four 
resonant cavities arranged in series in the direction of the propagation 
wave (Fig.  10a). Even in this case, in addition to a marked resonant 
peak, the sound insulating behavior is effective over a broader range 
thanks to the combination of the local resonance bandgap due to the 
resonators and the scattering bandgap due to the interaction of several 
layers periodically arranged in the direction of the wave propagation 
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Fig. 10. Metamaterial structures employing stacks of individual frequency resonators, 
as proposed by (a) Xiao et al. [19], and (b) Yu et al. [76].
Source: Reproduced with permission from Ref. [76], Copyright 2017, Elsevier.

Fig. 11. Comparison of the measured (−) and simulated (⋯) 𝑇𝐿 curves for metama-
terials proposed by Xiao et al. [19] and Yu et al. [76].

and working as scatterers. Furthermore, they also studied the effects 
of the ventilated area carrying out a study on the use of different 
inclination angles of the star-shaped ventilated opening.

Yu et al. [76] proposed an array of rectangular unit cells formed 
by a central rectangular hole and divided into periodic sub-chambers 
by inserting internal partitions which ensure the existence of scattering 
stopbands (Fig.  10b).

The curves simulated by Xiao et al. [19] and Yu et al. [76] showed 
very similar behaviors (Fig.  11), with an extended bandgap spanning 
from 600 Hz to about 1600 Hz, with 𝑇𝐿 higher than 80 dB around 
700 Hz. A plausible explanation could be that, in both cases, the 
metamaterial was composed of unit cells in the form of a central 
ventilated opening that guides the sound waves through a series of 
periodic resonators working at the same frequency.

6.3. Broad-band gradient-array AMMs

The third group of papers included the systems that managed to 
significantly extend the frequency range where they efficiently reduced 
sound transmission, thanks to an optimized combinations of several 
simple resonators that resulted in a multi-peak behavior.
10 
Jin et al. [65] proposed an innovative way to design Helmholtz 
resonators, taking inspiration from origami-like modular elements, as-
sembled in 3D structures, so that the ‘void’ corresponded to the neck, 
and the square ‘tiles’ corresponded to the resonant chambers (Fig.  12a). 
The spiral inserted into the chambers allows the absorption properties 
of a longer-wavelength resonator but in a shorter size. In order to 
achieve a more broadband sound control behavior, a double-layer 
metawindow was proposed by stacking two origami layers. Further-
more, the auxetic characteristic (i.e., the negative Poisson’s ratio) of the 
origami was exploited to ensure a dynamic relationship between ven-
tilation and sound attenuation. In fact, the ability of the metamaterial 
to expand in the directions perpendicular to the stretching or to shrink 
in the direction perpendicular to the compression allows to easily tune 
the folding angle of the void configuration based on the necessities. 
For example, at night, when traffic noise becomes weaker, a folding 
angle of the voids between 75◦ and 90◦ should enhance the optimal 
air circulation in the room. During the daytime, the primary duty of 
traffic noise reduction could be achieved with a folding angle of the 
voids between 15◦ and 30◦.

Dong et al. [77] presented a ventilated device incorporating eight 
thin cavities connected to main channel through adjacent openings to 
enhance broadband response (Fig.  12b). Each cavity is then divided 
in two parts, with changing length and volume, so that, overall, the 
meta unit is actually composed of sixteen resonant chambers. The 
frequency band where 𝑇𝐿 is significant spans from 650 Hz to 2 kHz. 
As for ventilation, with a 20% open rate, the AMM reduces the speed 
of the air flow to about 1/3 of the value measured without screen. 
Ma et al. [75] designed a ventilated barrier consisting of an array 
of unit cells, each consisting of a central rectangular open passage 
with all sides connected to four space-coiling chambers (Fig.  12c). 
The main mode of suppressing the transmission of sound is the local 
resonance due to the resonating chambers. The phase delay due to the 
folding of the space-coiling and the possibility of stacking two layers 
characterized by coiled-up spaces with different folding angles, allows 
to ensure a multiple frequencies behavior.

Fusaro et al. [11,18,78], designed the resonant system by adjusting 
along the direction normal to the sound and airflow propagation several 
partitions decreasing in length (Fig.  12d). The metamaterial unit cell 
was created by arranging the resonant system symmetrically with re-
spect to a central ventilated duct. An array of eight unit cells, arranged 
in an octagon-shaped, forms the acoustic metawindow, in which the 
sound is forced to pass through the eight unit cells arranged along 
the perimeter, providing locally resonant stopbands to suppress sound 
waves.

Yang et al. [82] proposed a metamaterial designed by following 
the slow-wave method. The unit cell consists of a sandwich structure 
formed by two holey rigid partitions as the top and bottom plates, 
including a middle layer consisting of a waveguide and several side 
branches (Fig.  12e). The broadband reduction of sound transmission is 
achieved by efficiently combining local and global resonances. The first 
is directly determined by the lengths of the side branches; the second 
is a consequence of the multiple refraction and dispersion effects due 
to the several inserted partitions.

As observed in the previous paragraphs, given the nature of the 
resonant processes involved in the metamaterial design, none of the 
devices offered a significant attenuation of low frequency sound. To 
this purpose, in order to avoid using larger devices, a combination 
with membrane-like behavior may contribute to further extend the 
frequency range. Zhang et al. [79] combined an array of conventional 
quarter-wavelength resonators arranged around a square opening, with 
one of them having a flexible membrane as boundary (Fig.  12f). The 
unit was a 244 mm square, with a 60 mm square opening (resulting in 
a 6% open area fraction), having an overall thickness of 93 mm.

Fig.  13a compares the sound transmission loss curves obtained 
by simulation and measurements and referred to openings with side 
connections to the AMMs. The combination of two layers consisting of 
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Fig. 12. Metamaterial structures employing gradient-resonator arrays, offering a broader band response, as proposed by (a) Jin et al. [65], (b) Dong et al. [77], (c) Ma et al. [75], 
(d) Fusaro et al. [18], (e) Yang et al. [82], (f) Zhang et al. [79].
Source: Reproduced with permission from Ref. [65], Copyright 2023, Elsevier, from Ref. [77], Copyright 2021, American Physical Society, from Ref. [82], Copyright 2018, AIP 
Publishing and under CC BY licence from Ref. [18,75,79].
coiled-up spaces characterized by different folding angles allowed Ma 
et al. [75] to obtain a broad stopband approximately from 200 Hz to 
1600 Hz, with 𝑇𝐿 peaks at 325 Hz, 695 Hz and 990 Hz. However, 
the multiple peak behavior did not ensure 𝑇𝐿 ≥ 10 dB over the entire 
frequency stopband, but transmission drops with 𝑇𝐿 ≤ 10 dB could be 
observed.

Considering the research work by Yang et al. [82], the 𝑇𝐿 curve 
referring to the ‘‘half model’’ (Fig.  12e) is reproduced in Fig.  13a 
because it is the model with the best broadband behavior. In fact, 
the transmission loss spectrum shows a 𝑇𝐿 values higher than 10 dB 
starting from 700 Hz. Instead, the ‘‘quarter model’’ shows a 𝑇𝐿 ≥ 10
dB in a narrower frequency range from 1200 Hz to 1600 Hz.

The predicted 𝑇𝐿 given by Zhang et al. [79] shows that the pro-
posed design actually managed to achieve the desired increase in 𝑇𝐿
above 10 dB between 100 Hz and 250 Hz, were the performance 
coincided with that of the rigid wall sample. Anyway, thanks to proper 
arrangement of resonator a good performance was found from 500 to 
1700 Hz.
11 
The second group of AMMs shows a different interaction with the 
propagating wave. Thanks to the use of periodic scatterers, Fusaro 
et al. [11,18,78] achieved an almost-broadband behavior, showing 
multiple peaks (with 𝑇𝐿 around 50 dB), followed by sudden drops that 
always remained above the 10 dB threshold and returned an average 
𝑇𝐿 of 15 dB in the range from 380 Hz to 5000 Hz.

The curve reported for Jin et al. [65] refers to the metasurface 
obtained by combining two layers of origami modules, with a folding 
angle of 15◦. Transmission loss values around 20 dB were obtained in 
the frequency range from 500 to 1200 Hz, with two 𝑇𝐿 peaks between 
30 and 40 dB, at around 530 Hz and 970 Hz.

Dong et al. [77] managed to obtain a 𝑇𝐿 ≥ 10 dB in the range from 
400 Hz up to about 2 kHz, with a fairly uniform distribution.

For all the AMMs for which experimental measures were available, 
an almost perfect correspondence between the experimental and nu-
merical 𝑇𝐿 trends was observed. Small inaccuracies were explained by 
the authors as a consequence of setup used for the experimental tests. 
Particularly, the acrylic partitions used for producing the prototype 
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Fig. 13. Comparison of measured (−) and simulated (⋯) 𝑇𝐿 curves for (a) meta-
materials proposed by Ma et al. [75], Yang et al. [82], and Zhang et al. [79], (b) 
metamaterials proposed by Fusaro et al. [11,18,78], Dong et al. [77], Jin et al. [65].

made it difficult to achieve transmission loss values as high as the 
simulated results.

Fusaro et al. [11] published several measurements of their design, 
but being carried out in reverberant chamber and in open space (free 
field), they are not reported in the previous figure being hardly com-
parable. Anyway, 𝐼𝐿 measurements outperformed simulated values 
confirming the promising behavior, also supported by diffuse field mea-
surements, where the additional presence of the metamaterial device, 
contributed to obtain 𝑇𝐿 values higher than 20 dB from 500 Hz on.

6.4. Other (hybrid) approaches

This subsection grouped studies that involved AMMs based on 
physical principles not included in the previous groups or using hybrid 
approaches. Kim et al. [27] proposed a neckless Helmholtz resonator 
that they called diffraction resonator, capable of combining a negative 
effective bulk modulus with a strong diffraction, generating evanescent 
waves. The diffraction was maximized by choosing the diameter of 
the circular ventilated hole in the center of the metamaterial cell. 
Diameters of 20 mm and 50 mm were considered able to generate 
strong diffraction, being much smaller than the wavelength of the 
applied sound wave. Three arrays (3 × 4 cells) connected in series in 
the direction of the propagation wave were applied obtaining a window 
with three local bandgaps corresponding to the resonant frequencies of 
the three locally resonant layers (Fig.  14a).

Cui et al. [64] proposed a ventilated and transparent meta-curtain 
(Fig.  14b) composed of two PVC films, kept at a fixed distance of 
1 cm by means of rigid point spacers, ventilated by means of circular 
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holes (having a 5 cm diameter and 20 cm spacing), thus resulting 
in a 5% opening rate. While the circular opening and the air gap 
between the films are supposed to work as Helmholtz-like resonators, 
the elastic behavior of the film and the resulting excitation of sev-
eral eigen-frequencies, contributed to extend the bandwidth where the 
meta-curtain achieves high 𝑇𝐿 around the resonant peak at 1350 Hz. 
Simulations showed 𝑇𝐿 > 10 dB in the range between 1100 Hz and 
1700 Hz, and a parametric study on the design variables showed that 
increasing the distance between the films can push the initial stop-band 
frequency down to lower frequencies.

Shi et al. [86] proposed a 4 cm thick metawindow composed of a 
central rectangular open area directly connected with twelve surround-
ing channels. Each folded channel increased the propagation time and 
resulted in a reduction of the effective phase velocity. The resulting 
interference with the direct wave originated a Fano-like resonance 
which was further amplified by the parallel-mounting (Fig.  14c). A 
similar approach was followed by Sun et al. [85] in proposing a 5 cm 
thick ventilated opening with a horn-like side channel that indiced a 
Fano-like resonance.

Wu et al. [88] designed a unit cell with four enlarged cavities, each 
connected with four narrow channels. The different geometry scale al-
lows to compress and to expand air, forcing waves to travel a long path 
and modeling low-frequencies sound waves. Furthermore, the authors 
evaluated the dynamic mass density and the bulk modulus in order to 
find near-zero-index frequencies, making the metamaterial suitable for 
additional applications like acoustic cloaking and wavefront reshaping 
(Fig.  14d).

7. Discussion

7.1. Metamaterial principles and fabrication methods

Based on the selected literature, it is possible to summarize (Table 
2) that all the proposed solutions have been manufactured only at a 
laboratory scale and they mostly relied on additive manufacturing tech-
niques. Use of transparent resins was often preferred to test solutions 
that could be used in windows without affecting visual comfort.

In terms of metamaterial principles, the most frequently used ap-
proaches are Helmholtz resonators and gradient resonators. In the first 
case, the simpler theoretical background and ease to control results 
by modifying geometrical data, certainly contributed to its popularity. 
However, this method works fine when narrow band performance 
is required, while more complex arrangements are needed [65] to 
broaden the response. From this point of view, coiled and gradient 
resonators offer better flexibility and, through numerical optimization, 
they can be effective over a sufficiently large band. Among the other 
approaches, use of refraction index control and its variations (e.g. Fano-
like resonators), requiring the combination of a direct and an indirect 
path for sound, provided good ventilation rates and suggested its 
preferential use in window applications.

7.2. Numerical modeling of acoustical performance

As previously anticipated, 𝑇𝐿 was the most used parameter to 
evaluate the soundproofing performance of the proposed metamaterial 
unit cells (Table  3). Several authors [8,18,19,21,65,86] carried out a 
numerical evaluation of the normal incidence 𝑇𝐿. All simulations were 
carried out using the commercial software COMSOL Multiphysics®, by 
simulating using finite element method (FEM) an impedance tube in 
which plane waves with unit pressure amplitude arrive normally at the 
front surface of the metamaterial. Both ends of the tube are modeled 
to avoid interference with reflected waves.

However, the random incidence 𝑇𝐿 was also simulated by consid-
ering metamaterials separating a receiving room and a source room. 
In order to generate a diffuse sound source, the source room was 
modeled with rigid wall surfaces and was excited by a point sound 
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Fig. 14. Metamaterial structures employing hybrid approaches, as proposed by (a) Kim et al. [27], (b) Cui et al. [64], (c) Shi et al. [86], (d) Wu et al. [88].
Source: Reproduced under CC BY licence from Ref. [27,64] and with permission from Ref. [86], Copyright 2021, AIP Publishing.
Table 2
Summary of metamaterial principles and fabrication methods employed in the surveyed literature.
 Ref. Metamaterial principle Fabrication method  
 Wang et al. [20] Decorated membrane n.a.  
 Zhang et al. [71] Decorated Membrane Polyethylene terephthalate  
 Kumar et al. [21] Helmholtz resonator 3D printing with PLA  
 Guan et al. [73] Coiled-up resonators 3D printing with epoxy resin  
 Zhang et al. [74] Coiled-up resonator 3D printing  
 Yu et al. [76] Stacked quarter wavelength resonator 3D printing with transparent acrylic  
 Xiao et al. [19] Stacked quarter wavelength resonator n.a.  
 Jin et al. [65] Gradient Helmholtz resonators n.a.  
 Dong et al. [77] Gradient-resonators array 3D printing  
 Ma et al. [75] 2 layers of coiled-up resonators Stereolithography  
 Fusaro et al. [18,78] Gradient-resonators array 3D printing  
 Yang et al. [82] Refraction index control (slow-wave) 3D printing with acrylic  
 Zhang et al. [37] Gradient resonators array n.a.  
 Kim and Lee [27] Diffraction resonator 3D printing with transparent acrylic  
 Cui et al. [79] Membrane+Helmholtz Perforated PVC film w/ rubber spacers 
 Shi at al. [86] Fano-like resonator 3D printing with PLA  
 Wu et al. [88] Coiled-up resonators n.a.  
source [11,76]. The sound pressure levels in the two rooms were 
simulated in order to calculate the transmission loss values.

The pressure acoustics [18,19,86] or the thermo-viscous acoustic 
modules [21] were selected depending on the expected role of thermo-
viscous losses. In order to consider the thermo-viscous effects, avoiding 
that the numerical models could get complicated, Wu et al. [88] per-
formed a multi-physics simulation with the pressure acoustics module, 
implementing the thermo-viscous acoustic module for modeling only 
the medium around the solid walls of the tube.

The Insertion Loss 𝐼𝐿 is another important acoustic parameter 
explored by numerous authors [18,19,75]. As for 𝑇𝐿 simulations, 
COMSOL Multiphysics® software was used to numerically model the 
ventilated metasurface between a source environment and a receiving 
anechoic chamber, where the sound pressure level was assessed with 
and without the metamaterial. In order to analyze the 3D behavior of 
the metamaterials, Xiao et al. [19] also designed a metacage consisting 
of a cuboid with the six faces made with metamaterials. They eval-
uated the 𝐼𝐿 by simulating (with the pressure acoustic module) the 
sound pressure levels at the measurement points with and without the 
metacage.

7.3. Experimental testing and validation of acoustic performance

Several authors [20,21,27,75,76,82,88] presented an experimental 
analysis of sound transmission loss under normal incident sound waves 
conditions (Table  3). The 𝑇𝐿 was measured in an impedance tube, 
using the four microphones transfer matrix method [14]. However, in 
some cases [20,21], the impedance tube was also used for measuring 
the sound absorption coefficient [22].

Kim et al. [27] validated the 𝑇𝐿 under diffuse incidence sound 
waves using the reverberant room method by interposing the unit cell 
of metamaterial between two ‘‘mini’’ adjacent source and receiving 
chambers. Despite the size of the two chambers being smaller than 
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the standard prescriptions, the test was carried out according to the 
standards for large reverberation chambers (ISO 10140:2010 [13] and 
ASTM E90:2004 [15]).

Recently, Fusaro et al. [11] evaluated a prototype metawindow us-
ing three experimental methods: the diffuse field method (ISO 10140), 
an adapted directive sound field method inspired by EN 1793-6 and 
beamforming to control sound leakages from the metawindow unit in 
both closed and open states.

Table  2 summarizes the methods and the acoustic and fluid dynamic 
parameters used to characterize the behavior of the analyzed meta-
windows. All papers included a numerical study carried out by means of 
a finite element simulation. When numerical modeling was supported 
by experimental measurements, Table  2 illustrates whether metawin-
dow prototypes were tested in a reverberation chamber, an anechoic 
chamber, or an impedance tube. The values of the 𝑇𝐿 peak (referred 
to as the best configuration) and the frequency range where 𝑇𝐿 > 10 dB 
are included in order to provide an overview of the soundproofing per-
formance of the selected research papers, allowing the readers an easier 
comparison among the used solutions. Furthermore, the reference to 
the trend of the 𝑇𝐿 curves, i.e. the presence of single or multiple peaks, 
or a broadband behavior, is highlighted in brackets.

7.4. Characterization of ventilating performance

One aspect that emerges as critical in the reviewed literature is 
the lack of consistency in the analysis of ventilation performance. 
Among the papers reviewed, only five provided simulations or mea-
sures pertaining to air flow characterization but they were extremely 
diversified. All cited papers extensively addressed the aspects con-
cerning the acoustic behavior of the proposed metawindows, but the 
ventilation characteristics were generally under-investigated. However, 
three authors [18,20,21] numerically evaluated the airflow resistance 
𝜎. The Finite Element Method (FEM) coupled with the computational 
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Table 3
Summary of methods used to evaluate the acoustic and the fluid dynamic parameters and parameters determined. The values of the 𝑇𝐿 peak (referred to the best configuration) 
and the frequency range where 𝑇𝐿 > 10 dB are included, as well as the category (i.e. curve with a single peak, extended single peak, or multiple peaks broadband). As for 
ventilation parameters, where they are available, open fraction 𝜙 is reported when published data allow calculation.
 Ref. Experimental method Acoustic parameters 𝑇𝐿 peak Freq. Range 𝑇𝐿 > 10 dB Ventilation parameters Open fraction 𝜙 (%) 
 Wang et al. 
[20]

Impedance tube 𝛼, 𝜏, 𝑟, 𝑇𝐿 25 dB 355–490 Hz (single) 𝜎 1.7  

 Cui et al. 
[79]

Impedance tube, 
Anechoic chamber

TL/IL 45 dB 1100–1700 Hz (single ext.) – 5  

 Kumar et al. 
[21]

Impedance tube 𝛼, 𝑟, 𝑇𝐿 18 dB 915–1600 Hz (single ext) 𝛥𝑃 17–45  

 Guan et al. 
[73]

Impedance tube 𝑇𝐿, 𝑟 31 dB 339–355 Hz (single) – –  

 Zhang et al. 
[74]

Impedance tube 𝑇𝐿 25 dB 380 Hz (single) – 7.4  

 Yu et al. [76] Impedance tube 𝜏, 𝑇𝐿 85 dB 273–2000 Hz (single ext.) – 9  
 Xiao et al. 
[19]

– TL, IL 81 dB 400–2000 Hz (single ext.) – 3.1–6.2  

 Jin et al. 
[65]

– 𝑇𝐿 ≈20 dB 628–1400 Hz (multiple) LMA, AoA 14–56  

 Dong et al. 
[77]

Impedance tube 𝛼, 𝜏, 𝑇𝐿 34 dB 750–1250 Hz 𝛥𝑃 20  

 Ma et al. 
[75]

Impedance tube 𝑇𝐿, 𝐼𝐿 35 dB 365–1520 Hz (multiple) – 10.2  

 Fusaro et al. 
[18,78]

Anechoic chamber 𝑇𝐿, 𝐼𝐿 58 dB 500–5000 Hz (multiple) 𝛥𝑃 21.8,  

 Fusaro et al. 
[11]

Reverberant chambers 
and free-field

𝐷𝑛,𝑒, 𝐼𝐿 ≈30 dB 500–5000 Hz (broadband) q50, q10, ACR 24.4  

 Yang et al. 
[82]

Impedance tube 𝑇𝐿 16 dB 650–1600 Hz (broadband) – 11.1  

 Zhang et al. 
[37]

Impedance tube 𝑇𝐿 60 dB 100–200 Hz, 440–1700 Hz – 6.25  

 Kim and Lee 
[27]

Miniature reverberant 
chambers

𝑇𝐿 37 dB 500–5000 Hz (broadband) – 1.4–8.7  

 Zhang et al. 
[71]

Impedance tube 𝑇𝐿 27 dB 200 Hz 630–1030 Hz – 1.4  

 Shi at al. 
[86]

Impedance tube 𝜏, 𝑇𝐿 96 dB 500–1100 Hz (multiple) – 9.2  
fluid dynamics (CFD) module was used to explore the airflow perfor-
mance of the ventilated metawindows. COMSOL Multiphysics® [18] 
or Fluent® [21] were used to simulate the airflow using the laminar 
flow [21] or the 𝑘 − 𝜖 turbulent flow model [18]. The static pressure 
drop through the ventilated window was calculated as a function of 
airflow rate. Jin et al. [65] used the commercial simulation software 
ANSYS® to evaluate the Local Mean Age of air 𝐿𝑀𝐴, through a CFD 
simulation. The airflow exchange rate in a room was simulated using 
the 𝑘 − 𝜖 turbulent flow model and the 𝐿𝑀𝐴 was calculated as the 
average time taken by air molecules to reach a fixed position from 
the time instant they enter the room. The 𝐿𝑀𝐴 was extended to the 
overall room, making possible to calculate the 𝐴𝑜𝐴 by integrating the 
𝐿𝑀𝐴 over the volume of the room and dividing the integration by 
the total volume. Finally, Fusaro et al. [11] measured ventilation rate 
resulting from application of given pressure differences in a real room 
using a standardized approach [25]. So, a comparative analysis of the 
performance of the surveyed solutions is hardly possible at this stage, 
and this aspect is one of the most significant areas of improvement for 
research on ventilated AMMs.

7.5. Practical aspects requiring further investigations

Considering that urban noise may often contain significant low 
frequency components, involving frequencies as low as 50 Hz, and 
considering that among the reviewed papers, only one was extended 
to frequencies lower than 200 Hz, it clearly appears that one area of 
improvement for future research is that of the low frequencies.

Based on the results of the present review, among the ‘‘conven-
tional’’ solutions there are some, like plenum windows or louvers, that 
might find a convincing practical application, as they rely on modified 
versions of the current technologies. On the other hand, metamaterial-
inspired solutions, seem to be conceived to work as additional screens 
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because, being ventilated, they certainly cannot simply replace the 
transparent component of existing windows. In addition, the need to 
comply with existing energy saving regulations and, at the same time, 
allow the user to fully open the window suggests, like for conventional 
solutions, that their most realistic practical use could be within a double 
window. Anyway, the topic certainly requires further investigations.

As a consequence, cost issues, that might clearly represent an essen-
tial incentive to practical implementation of such solutions, are hard to 
predict at the moment. All the surveyed studies only produced small 
samples at a laboratory scale for testing. Additive manufacturing was 
most frequently used, but large scale production is likely to rely on 
different techniques, so even if an estimate of actual costs could be 
possible, it would not make sense in terms of practical outcomes.

8. Conclusions

Natural ventilation plays a crucial role in enhancing indoor air qual-
ity and reducing building cooling loads. However, traditional window 
designs often compromise acoustic comfort, allowing external noise to 
enter freely and increase background noise levels. This review paper 
aims to explore cutting-edge research on window technologies that 
simultaneously allow natural ventilation and provide sound insulation. 
Conventional windows, while effective for ventilation, have no sound 
insulation when opened, resulting in indoor background noise that can 
disturb occupants. Therefore, the standard practice usually results in a 
trade-off between air quality and acoustic comfort. However, in addi-
tion to improving IAQ, natural ventilation can also greatly contribute to 
reduce energy consumptions. Thus, a strong motivation arose to carry 
out the proposed review, focusing on various innovative approaches 
to window design, on components that can maintain airflow while 
mitigating noise intrusion.

As for conventional solutions, and for partially open/plenum win-
dows in particular, the key areas of further improvement include:
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• Acoustic performance: these window variants use double-glazed 
setups with dampening devices in between. They incorporate 
staggered openings, which can achieve a sound reduction index 
slightly above 10 dB. Although this is certainly a better figure 
than a fully open window could offer, efforts are needed to 
improve this performance.

• Ventilation: despite their sound insulation capabilities, these so-
lutions generally underperform in terms of air change rates com-
pared to conventional windows. Results are better when supple-
mented with active systems, which enhance ventilation rates but 
complicate design and increase energy consumption.

The investigation on acoustic metamaterials showed many promis-
ing ideas to improve sound insulation in ventilated windows. These 
engineered materials offer enhanced flexibility regarding frequency 
bands, allowing for potential customization tailored to specific win-
dow designs. Several alternative metamaterial approaches have shown 
potential for sound reduction beyond the 10 dB threshold, although 
many are still confined to narrow frequency bands. Researchers have 
also explored using gradient-arrays of metamaterial units to extend 
their sound reduction performance across broader frequency ranges. 
However, practical applications of these solutions remain limited, with 
most studies still focusing on numerical or laboratory-scale models 
rather than real-world implementations. In particular, actual inclusion 
in the design of a real window seems difficult, in most of the cases. 
Critical issues that need be addressed for application to real world 
scenario include:

• Possibility to incorporate proposed designs as replacement or, 
more likely, complementary elements of conventional windows;

• Properly demonstrating that alongside acoustic and ventilation 
performance (to be qualified according to a more standardized 
approach), proposed design may ensure visual aspect are satisfied 
as well;

• Innovative window solutions that aim at replacing conventional 
windows must meet standard expectations of functionality and 
aesthetics, as well as building regulation prescriptions.

In terms of performance characterization, the main limitation emerging 
from the review deals with a lack of consistent metrics to qualify acous-
tic and ventilation properties. Acoustical parameters describing sound 
insulating behavior are used, even when dealing with simulations, in 
arbitrary ways, not complying with definitions or with standardized 
methods and referring to arbitrary frequency ranges. Thus, this lack 
of consistency prevents from true comparability among different pro-
posals. Ventilation parameters suffer an even more critical lack of 
consistency, given the limited number of researchers that actually tried 
to characterize their designs from this point of view, and the sparse 
approach followed in terms of chosen parameters. Thus, to advance the 
implementation of ventilated and noise-controlling windows, further 
investigations should address the following points:

• Establishing standardized testing methods for acoustics and air-
flow evaluations or at least identify a minimum set of consensus 
parameters to use for qualification and comparison, providing 
a reference frequency range as well as reference airflow condi-
tions, and specifying optimal methods for numerical simulation 
and real world measurements, also including ventilation under 
buoyancy-driven and wind-driven conditions;

• Define benchmark cases involving both conventional and inno-
vative windows that may help to compare proposed solutions 
and identify the best compromise between soundproofing and 
ventilation, without neglecting the basic visual functions of a 
window.

Apart from methodological issues, the review pointed out that for use 
in windows, that are inherently exposed to wide-band noise, gradient-
arrays (a.k.a. rainbow traps) were the only promising technology, 
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also offering 𝑇𝐿 performance that significantly overcame the 10 dB 
threshold. Low frequency optimization remains an open challenge, 
and a hard one considering the dimensional issues related to practical 
issues. However, the combination of multiple resonant mechanisms, 
as proposed by Zhang et al. [79], can be considered one of the most 
interesting areas to explore.

This literature review indicates that while innovative window tech-
nologies show promising outlook in combining natural ventilation with 
sound insulation, substantial further investigation is still necessary. 
Advancements in this field depend on the standardization of testing 
protocols and a focus on practical applications that ensure occupants’ 
comfort through enhanced acoustic performance without sacrificing 
ventilation effectiveness.
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