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In this paper, we present a comprehensive model to obtain numerical/experimental results on the acoustic 
behaviour of sonic crystals in the low frequency range (up to 1700 Hz). We have focused our attention on 
this range because it is the most difficult to control in the field of environmental acoustics, and sonic crystals 
are particularly useful for this purpose. The immediate application is the design of high-tech acoustic screens 
for traffic noise, although sonic crystals are capable of screening any type of noise due to their scalability. In 
addition, the model can be used for the analysis of the rich physical behaviour of these metamaterials at these 
frequencies. The model, completely designed and developed by us, consists of a three-dimensional numerical 
simulation software together with a real prototype to obtain experimental results. It is precisely the joint use 
of these two tools that gives our model a unique versatility. To validate the model in this low frequency range, 
we have considered different sonic crystals where their geometrical parameters, lattice and filling factor have 
been varied. The accurate results obtained, compared with those obtained in anechoic chamber and with those 
calculated with other existing numerical models, show that our model works successfully. All this in a simple and 
low-cost way compared to other existing design techniques and other ways of obtaining experimental results.
1. Introduction

Noise as an annoying and disruptive element of health and rest has 
been documented for more than 130 years [1]. Today, prolonged expo-

sure to high levels of environmental noise is one of the leading causes 
of ill health in Europe. In terms of health, such exposure to environ-

mental noise is directly linked to negative effects such as discomfort, 
difficulty of falling asleep, cardiovascular and metabolic system impair-

ment or learning disabilities in children [2]. Traffic noise exposure has 
been classified as the second-greatest environmental health threat after 
air pollution [3].

At the European level, it is estimated that 113 million people are 
subjected to the influence of traffic noise. Within this number, 22 mil-

lion are severely affected by noise, 6.5 million have severe sleep disor-

ders and 48 000 have developed cardiovascular diseases [4]. More than 
420 000 km of the main European roads –which also have more than 3 
million annual trips– present noise problems to be solved [3]. Within 
this scenario, the European Union has set a goal for the year 2030 to re-

duce the number of people affected by traffic noise by 30% using noise 
control mechanisms [5].
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Among the mechanisms that are most used for controlling traffic 
noise are policies that allow progress in the electrification of the current 
fleet of vehicles [6], use of special rolling noise-reducing asphalts [7], 
stricter speed limits on certain stretches of road [8], and the use of 
acoustic barriers [9].

The use of acoustic barriers is especially important when it is not 
possible to act directly on the source of noise. It is often the case on 
highways and highways, where vehicles travel at high speeds, generat-

ing high levels of ambient noise. In those cases, it is necessary to act on 
the noise transmission channel. Although acoustic barriers perform rea-

sonably well in the middle and high frequency range, their performance 
decreases significantly when they have to work in the low frequency 
range.

There are different types of technologies for sound attenuation 
through the use of acoustic barriers. Traditional barriers are the most 
used, studied and developed. They consist of a continuous obstacle 
interposed between the noise source and the receiver [10]. Noise atten-

uation capacity is basically determined by the geometric characteristics 
of the barrier itself (length, thickness, height) and its relative location 
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Fig. 1. (Left) Diagram in top view of the SC placed in the anechoic chamber where the emission and the measurement points can be observed, dimensions in cm. 
(Right) Photograph of the SC placed in its measurement position in the chamber in front of the sound source.
between source and emitter, which affects the acoustic diffraction at its 
upper edge [11]. In recent years, novel acoustic metamaterials called 
Sonic Crystals (SCs1), which are formed by arrays of acoustic scatterers 
in air, are used to design a new generation of high-tech acoustic barri-

ers [12]. These barriers base their operation on the physical principle of 
multiple scattering [13], and are usually called Sonic Crystal Acoustic 
Screens (SCAS2).

The geometry and spatial arrangement [14] of the scatterers that 
compose the SCAS will generate band gaps –or forbidden frequency 
bands– that will prevent the transmission of the sound wave through 
them. This opens the possibility of creating a “tunable” barrier to atten-

uate the most problematic frequency bands, such as low frequencies. 
Within the forbidden bands, SCAS obtain higher acoustic attenuation 
values than traditional barriers [15].

Generally, the design of a SCAS is carried out with the support of 
two- or three-dimensional numerical simulation tools (depending on 
the available computing power). These tools help researchers to adjust 
the barrier to the noise spectrum to be attenuated. Once the numerical 
calculations have been performed, the next step is to test its acoustic 
performance on a smaller scale in a controlled environment, such as an 
anechoic chamber. In this way, the results of the numerical models are 
verified. If the numerical and experimental data agree, the production 
phase of the barrier could follow.

In general, not everyone has the possibility of carrying out anechoic 
chamber testing and measurements, which impedes the verification of 
SCAS and thus increases the uncertainty of their use. Even when a suit-

able chamber is available for this purpose, the complexity of the set-ups 
and their price can be a problem. Works such as that of Qin et al. [16], 
where a full-scale SCAS has been built and tested on a real stretch of 
highway, evidence the high material and time costs of this type of in-

stallation and the importance of robust prototyping procedures.

In this paper, we present a comprehensive model to obtain accurate 
numerical and experimental data about the performance of SCs in the 
low frequency range. Its main use is to design technologically advanced 
SCAS, although it is also possible to use it as a tool to study the physics 
involved in these metamaterials or to design another kind of advanced 
devices based on SCs. The first element of our work is a 3D numerical 
model based on the existing ones [17], but much more developed. The 
model serves as a basis for the development of an experimental pro-

totype, which constitutes the second part of our work. This prototype 
uses scatterers with their actual diameter and achieves sound attenua-

1 From now on, SC stands as the abbreviation for Sonic Crystal and SCs as the 
abbreviation for Sonic Crystals.

2 From now on, SCAS stands as the abbreviation for Sonic Crystal Acoustic 
2

Screen.
tion results in agreement with those obtained in an anechoic chamber. 
The proposed model allows obtaining numerical and experimental re-

sults under controlled conditions in a fast and economical way, with 
respect to other methods. The comprehensive model has been checked 
with a battery of SCs with designs that cover different geometrical SC 
parameters, using square and triangular lattice scatterer arrangements, 
as they are the most commonly used in SCAS designs [18–20]. The ex-

perimental prototype also provides great versatility by working with 
scatterers of a reduced size (in its length, as the diameter stays in actual 
size) which can be 3D printed to any type of design and specification.

2. Materials and methods

As already mentioned, the starting point for the design of a SCAS is 
the simulation of the SCs. This is performed using numerical tools val-

idated by the scientific community such as the Finite Element Method 
(FEM), Finite-Difference Time-Domain (FDTD) or Boundary Element 
Method (BEM). These simulation procedures allow the study of SCAS 
at a low cost and in a versatile way. Once a design that is best suited 
for the noise spectrum to be attenuated is found, it would be validated 
in the anechoic chamber. This is done to verify the behaviour of the 
design in a more realistic environment. In this work, a new simulation 
model is proposed as a basis for the development of an experimental 
prototype.

This section presents the initial experimental set-up, consisting of 
a SC in a square lattice arrangement placed in an anechoic chamber, 
which serves as the validation reference. Then, the conventional 2D and 
3D models are shown and the characteristics of a customized novel 3D 
numerical model are explained. Finally, a new experimental prototype, 
which allows the theoretical models to be verified cheaply and easily, 
is presented.

2.1. Anechoic chamber measurements

As mentioned above, in the process of validating the results from 
the numerical simulation, the anechoic chamber is generally used in 
an attempt to recreate the real behaviour of the barrier in an outdoor 
environment but under controlled conditions.

For our work, the measurements were carried out in the anechoic 
chamber belonging to the Universitat Politècnica de València. For this 
purpose, an array of 1.5 m tall cylindrical PVC scatterers is used. The 
array, as can be seen in Fig. 1, is formed with 4 rows and 10 columns 
of scatterers in a square lattice arrangement. The outer diameter of the 
scatterers is 11 cm and the lattice constant is 15 cm, thus obtaining a 
Bragg frequency (𝑓𝑏𝑟𝑎𝑔𝑔) of 1 145 Hz, considering a propagation speed 

of 343 𝑚∕𝑠.
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Fig. 2. (Left) Two- and (Right) three-dimensional models used in previous works to predict the behaviour of a 4-row, infinite-column SCAS.
Given the nature of the measurements, any kind of incident signal 
could be used, but we have used continuous white noise for all tests, 
both experimental and numerical. In this case, continuous white noise 
has been generated from a GENELEC 8040A directional sound source 
and measuring the unweighted sound spectrum (in FFT form) between 
100 and 1 700 Hz at the point indicated above with a prepolarised free-

field 1∕2′′ Brüel & Kjær Type 4189 microphone. This allows a clear view 
of the first band gap around the Bragg frequency. The Insertion Loss pa-

rameter (IL) has been used throughout the work as a metric to measure 
the attenuation of the different samples, and can be defined as the dif-

ference of the acoustic pressure in the same point with and without the 
sample.

𝐼𝐿 =𝐿𝑒𝑚𝑝𝑡𝑦 −𝐿𝑆𝐶𝐴𝑆, (1)

where 𝐿𝑒𝑚𝑝𝑡𝑦 represents the sound pressure level as a function of fre-

quency without the SCAS and 𝐿𝑆𝐶𝐴𝑆 is the sound pressure level with 
the SCAS.

The IL measured in an anechoic chamber is considered to be a SCAS 
behaviour closer to reality than the ideal numerical model calculations. 
This is due to the fact that edge diffraction effects occur in anechoic 
chambers which are not taken into account by the ideal numerical mod-

els.

2.2. Previous numerical models

In recent years, simplified 2D and 3D ideal models representing the 
propagation of an incident plane wave on a SC with lateral periodicity 
boundary conditions and no diffraction at the edges have been used for 
the design of SCAS [21–23].

In this paper, these models have been implemented using COMSOL 
Multiphysics® software version 6.1 with the acoustics module, and ad-

justed to the geometry of the SC used in the reference measurements.

The 2D model uses periodic boundary condition in its lateral walls, 
thus recreating an infinite-column SC with finite rows, as the distance 
between the side boundaries is equal to the lattice constant of 15 cm. 
The considered domain consists of a 160 cm long by 15 cm wide rect-

angle where the SC, modelled as a rigid boundary (a boundary that 
represents a nearly infinite acoustic impedance) with a diameter of 11 
cm, is placed. A plane wave propagating along the positive OX axis is 
used as a sound source, and PMLs [24] are placed in both ends of the 
domain in order to prevent unwanted reflections (see Fig. 2). Simula-

tion frequency is the 100 to 1 700 Hz range with a mesh of 6 elements 
per wavelength, giving a total of 5 600 degrees of freedom and a calcu-
3

lation time of 25 seconds on our computer.
The 3D model has the same geometry as the 2D one, but with an 
added 200 cm height. The model uses the same periodic boundary con-

dition in its lateral walls, and a similar plane wave propagating along 
the OX axis as a sound source. This time, PMLs are not only placed at 
the ends of the model, but also at its top and base in order to prevent 
reflections from occurring in any of these areas. Simulation frequency 
range stays the same as the 2D model, as well as the number of mesh 
elements per wavelength, the added height raises the number of de-

grees of freedom to 238 000 and the calculation time is 1 hour on our 
computer.

2.3. Proposed numerical model

The development of this new numerical model has a dual purpose. 
On the one hand, the achievement of a better approximation of the pre-

diction in comparison with the measurements in an anechoic chamber. 
On the other hand, to serve as a guide in the development of a prototype 
that allows measurements to be carried out that yield results compara-

ble to those obtained in an anechoic chamber, but on a smaller scale 
and without the necessity for a complex installation.

The proposed numerical model tries to eliminate certain ideal con-

ditions of the previous models, like replacing the lateral periodicity 
conditions by parallel rigid boundaries or replacing the plane wave radi-

ation with a point source (similar to the radiation of a loudspeaker) that 
is closer to the measured anechoic reality. The dimensions of the scat-

terers and the lattice topology reproduce the values already described 
in the anechoic chamber measurements in Fig. 1 left.

2.3.1. Square lattice model

The model consists of two distinct components. First, an emission 
chamber where the scatterers, consisting of rigid contours, are placed 
at a distance of 50 cm from the emission surface. This surface, which 
is depicted in Fig. 3, has been modelled in such a way that represents 
the membrane of a loudspeaker moving with a normal acceleration of 
1 𝑚∕𝑠2 in the positive direction of the OX axis. On the other hand, the 
receiving chamber is formed by absorbing boundaries, modelled with 
PMLs and its geometry has been designed trying to eliminate parallelism 
to reduce the influence of eigenmodes. In this reception chamber is 
where the measurement points will be placed, their position is set 20 
cm away from the surface of the last scatterer, in the centre of gravity 
of the transverse surface. This replicates the measurement configuration 
of the anechoic chamber.

The method used for the simulation is the finite element method 
(FEM) using COMSOL Multiphysics® software version 6.1 with the 

acoustics module. The frequency range of simulation is 100 to 1 700
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Fig. 3. (Left) 2D top view and dimensions (in cm) of the proposed numerical model. (Right) 3D view of the numerical model and boundary conditions used.

Fig. 4. (Left) 2D top view of the triangular lattice model. (Right) 3D view of the triangular lattice model and boundary conditions used.
Hz, with a mesh of 6 elements per wavelength, giving a total of 41 500
degrees of freedom and a calculation time of 9 minutes on our com-

puter.

2.3.2. Triangular lattice model

To further validate the experimental prototype, an additional model 
with a triangular lattice SC is used. This model is largely the same as 
the previous model in section 2.3.1 but with a triangular arrangement 
of the scatterers.

The model maintains the same geometry and dimensions of the 
emission and reception chambers, as well as the position of the first 
scatterer respective to the emission surface. The measuring point is con-

sidered at the same 20 cm distance to the last scatterer surface (see 
Fig. 4). The frequency range of simulation is the same 100 to 1 700 Hz 
as before. A mesh of 6 elements per wavelength was used, giving a to-

tal of 42 100 degrees of freedom and a calculation time of 7 minutes on 
our computer. Note that in this case, the use of perfect semi-cylinders 
to maintain periodicity conditions on the side walls of the domain is 
mandatory.

2.4. Proposed experimental prototype

The validation of IL results in an anechoic chamber has some major 
drawbacks. For example, the scatterers that make up the SC are large, 
and the test set-up is costly and complicated. On the other hand, ac-

cess to an anechoic chamber is generally not possible for everyone. The 
creation of this experimental prototype is intended to provide an alter-

native to these complex tests.

As already mentioned, the starting point is the numerical model de-

scribed in the previous section 2.3 and the aim is to ensure that the 
behaviour of the prototype coincides with the results obtained in the 
test carried out in the anechoic chamber.

The numerical model envisaged a rigid boundary condition on all 
side surfaces, floor and top of the enclosure. To be as close as possi-

ble to the numerical model, this condition is recreated using a solid 
outer frame (outer walls, floor and removable ceiling) of 17 mm thick 
MDF wood. A 22 mm thick flat hardwood (oak) board is added to the 
interior side walls to adjust the lattice constant of the system to the ex-

act size of the simulations (see Fig. 5). This ensures that the inner side 
walls are parallel to each other at a constant distance of 15 cm, which 
4

matches the anechoic chamber and numerical model SC lattice param-
eters. With the use of a removable inner side wall, the lattice constant 
can be adjusted to other values by varying the board thickness.

The end section of the prototype is prepared as a reception chamber. 
In the numerical model, PML conditions are established for the recep-

tion chamber boundaries. In the prototype, an attempt is made to recre-

ate these conditions using thick wedges of closed cell acoustic foam. We 
have characterised this material by obtaining its absorption coefficient 
(𝛼) in an impedance tube, obtaining reasonable values in the frequency 
range considered (0.9 maximum and 0.5 minimum). However, as the 
materials used in the prototype are not perfect absorbers, the combina-

tion of absorbing material together with the use of a non-parallel walls 
has been used in order to avoid the appearance of unwanted reflections 
and standing waves in the reception chamber.

Emission characteristics of the numerical model consider a vibrating 
surface with the same geometry as that of the loudspeaker used in the 
prototype. In order to match the measure point used in the numerical 
model (which is located 20 cm away from the last scatterer) a centred

rod is used to accurately position the microphone.

During measurements, the system is closed with top covers. To guar-

antee air-tightness of the system, sealing strips are used on all exposed 
surfaces of the prototype that are in contact with the top lids, clamps 
are used to ensure a consistent seal.

The scatterers used in the prototype correspond geometrically to 
the numerical model and their position, with the first scatterer 50 cm 
away from the loudspeaker, corresponds to the simulated conditions. 
The material of the scatterers chosen to match the stiffness conditions 
of the model is PVC, the same material used in the SC measured in 
the anechoic chamber. However, the length of the scatterers is 20 cm, 
compared to the 150 cm of each scatterer used in the anechoic chamber. 
The height of the scatterers, in the prototype, is precisely adjusted to the 
height of the prototype chamber to avoid leaving a gap between the end 
of the scatterer and the lid.

Thus, the objective proposed at the beginning of the section is 
achieved by reducing the amount of material required by 98.6% com-

pared to the anechoic chamber measurements. It also simplifies assem-

bly and allows greater control of the position and parallelism of the 
scatterers. On the other hand, its dimensions and ease of assembly open 
up the possibility of its use for any SC-based acoustic barrier design 
team.

With all this, not only does it achieve savings, but it also introduces 
the advantage of 3D printing of the scatterers, which makes it possible 

to work with complex geometries.
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Fig. 5. (A) Top view of the experimental prototype. (B) Detail of the sound source used in the prototype. (C) Various details of the reception area of the prototype. 
(D) View of the prototype with the lids closed for taking measurements.

Fig. 6. Material and connection diagram of the equipment involved in the measurements of the experimental prototype.
2.4.1. Measurement set-up

The platform selected to perform the experimental measurement is 
a Brüel & Kjær PULSE Type 3560-C, with which both signal emission 
5

and reception are controlled.
Signal acquisition is carried out with a Brüel & Kjær type 4935 1∕4′′

microphone. To ensure steady-state measurement conditions, a contin-

uous white noise signal is emitted from a Visaton FR 9.15 sound source 

during the measurements. Each measurement takes approximately one 
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Fig. 7. IL spectra of the different numerical models in relation to the experi-

mental measurement in anechoic chamber reference.

minute with 1 000 FFT averages of the signal collected by the micro-

phone (see Fig. 6).

3. Results and discussion

In this section we will first discuss the fitting capability of the differ-

ent numerical models shown in the previous section 2.2 (the 2D and 3D 
ideal models) compared to the anechoic chamber measurement which 
is considered as a validation reference. For this purpose, a first simula-

tion is made for a SC in a square lattice, with a lattice constant of 15 cm, 
trying to obtain a Bragg frequency in the traffic noise main frequency 
content.

As shown in Fig. 7, all models predict coincidentally the SCAS be-

haviour for the designed Bragg frequency. The 2D model gives a very 
clean view of the SCAS forbidden band and at the same time unrealistic, 
as it contemplates perfect theoretical assumptions of signal transmis-

sion. As an advantage, this model has a very low computational cost. On 
the other hand, the 3D model, with identical propagation and bound-

ary conditions as the 2D model, incorporates effects derived from the 
height of the scatterers that bring us closer to the anechoic prediction 
while maintaining the correct location of the Bragg frequency.

In an attempt to bring some of the assumptions of the ideal model 
to a more realistic view, a new model is presented in which the emis-

sion is made by a point source closer to the emission characteristics 
of the loudspeaker used in the prototype. The lateral contours of peri-

odic characteristics are replaced by a rigid boundary and the radiation 
conditions of the receiving chamber are replaced by PMLs.

The second result of interest is related to the agreement obtained be-

tween the proposed numerical model and the constructed experimental 
prototype with the anechoic measures.

As can be seen in Fig. 8, a significant agreement is achieved between 
the calculated numerical results and the measurements performed on 
the implemented prototype. The nature of the experimental results does 
not correspond as smoothly with the function obtained by the numerical 
method, obtaining a closer curve to the one measured in the anechoic 
chamber.

The experimental prototype IL results show a high degree of simi-

larity in form and values with those measured in the anechoic chamber, 
improving in this aspect any of the numerical models analysed.

Finally, once both the new numerical prediction model and the 
experimental prototype have been validated, a study of a SCAS in trian-

gular array with the same lattice constant is made.

In order to implement a triangular lattice on the prototype, the 20 
6

cm tall circular scatterers have been precisely cut in half and glued 
Applied Acoustics 224 (2024) 110102

Fig. 8. IL spectra calculated with the proposed numerical model and experi-

mentally measured on the prototype compared to the reference measurements 
made in the anechoic chamber.

by its edges to the side walls of the prototype using strong double-

sided tape to seal them properly (see Fig. 9). The scatterers have been 
adjusted with precision in its position to match the numerical model.

The IL results of the experimental prototype show a high degree of 
similarity in shape and values between the prediction of the numerical 
model and the measurement performed on the experimental prototype 
in triangular lattice, as shown in Fig. 10. The perfect localization of the 
Bragg frequency is verified, although the width of the forbidden band 
decreases as expected. Lower IL values than those obtained in a square 
lattice are also observed, coinciding with what can be found in other 
works [23].

Although it is important to note that the prototype has limitations. 
The current design only allows measurement at one receiver point that 
can be moved closer to or further away from the last scattering surface, 
but does not support simultaneous measurement of a set of points. On 
the other hand, there are some discrepancies between the behaviour of 
the sample in the anechoic chamber and in the numerical models. These 
discrepancies can be due to several factors, such as (i) diffraction from 
the side or top and bottom edges of the sample or, (ii) to the difference 
in the consideration of the incident wave. We have tried to minimize 
this last case by placing the point source as far away from the sample 
as possible in the anechoic chamber, and assume that the incident wave 
on it is plane.

4. Conclusion

This paper presents a comprehensive model formed by a new nu-

merical model and an experimental prototype for the analysis of the 
physics of SCs and for the design of acoustic barriers based on SCs in 
the low frequency regime. For the validation of the results, anechoic 
chamber measurements of the same modelled and tested SCs were per-

formed, considering that the anechoic chamber reference result is more 
alike to the real behaviour of a barrier “in situ”.

The proposed numerical model is compared with the ideal models 
usually employed for prediction, working at a normal incidence and 
studying the attenuation properties of the SC in the low frequency 
regime. The proposed model breaks with the characteristics of the ideal 
models by trying to approximate to more realistic conditions that guide 
the construction of an experimental prototype. The outcomes obtained 
with the proposed model are more in line with the validation reference 
than those obtained with the ideal models. Based on the conditions es-

tablished in this proposed prediction model, an equivalent SC to the 

one used in the reference measurements has been built and tested in 
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Fig. 9. Prototype with triangular lattice SC arrangement.
Fig. 10. IL spectra of the triangular lattice numerical model and the prototype.

an experimental prototype. The results achieve a more accurate fit than 
any of the numerical models. Its reliability is tested in both square and 
triangular lattice SCs.

In this work we have achieved good results in the IL prediction by 
replacing a set-up of 40 scatterers of 150 cm height, requiring exhaus-

tive control of placement and parallelism, with a set-up of 4 scatterers of 
20 cm in height. All of this leads to significant material savings, exceed-

ing 98% in our experiment, thereby resulting in a significant reduction 
in costs and assembly complexity. The results obtained allow to work 
in a cheap and simple way, avoiding the need for large-scale tests in 
anechoic chambers. On the other hand, the use of our comprehensive 
model would allow other research groups that do not have access to an 
anechoic chamber to get a realistic view of the behaviour of their de-

signs. The prototype is tested for actual scatterer diameters, rather than 
scaled ones, thus only limiting their height. This opens up the door to 
testing scatterers that can be 3D printed with designs that are more 
complex.
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