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Abstract
The need for improving indoor and outdoor acoustic comfort constantly drives the development of novel
sound insulation and sound absorption solutions. Optimising their performance becomes reachable today
by designing “metamaterials”. A pending question is whether the non-uniform spectral characteristics of
metamaterials is detrimental to the subjective appreciation of their sound absorption capabilities. By means
of a headphone listening test, the present study aims at perceptually comparing the pleasantness from sounds
transmitted through five office-like partitions, including classical- and meta- materials. The transmitted
sounds were synthesised from partition models and replayed to jurors by pairs for each stimulus. This
resulted in a ranking of the test sounds - and thus of the partitions – by order of annoyance. During the recent
DENORMS workshop in Leuven (Feb. 6-7, 2018), 35 jurors volunteered for the test. Furthermore, insights
are given towards a definition of a quantitative sound quality metric for acoustic material design.

Introduction

Working environments are rich of multiple noise sources causing annoyance/disturbance, while individuals
search for comfort and privacy. Using acoustic materials to address such issues is common as these are
passive and relatively cost-effective solutions. However, the final appreciation is deeply subjective and this
must be accounted for beyond the sole sound reduction properties.
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Metamaterials are widely studied in various branches of physics and engineering, especially with regards
to electromagnetic [1], acoustical and structural wave propagation [2, 3]. Metamaterials are man-made
structures that enhance or take advantage of physical principles not occurring naturally. Examples include
negative refraction, super lenses, sub-wavelength resolution, cloaking [1, 3].

One aim of these metamaterials for audible acoustic applications is to increase performance in both absorp-
tion and transmission loss; if possible on the widest frequency band [6]. Another goal is to reach such
performances without having to design bulky voluminous and expensive objects. A secondary aim is to in-
clude aesthetic aspects – or constraints, depending on the point of view – to the new metamaterials in order
to include these in urban or indoor, e.g. home or office, environments [4].

A high interest in acoustic metamaterials resides in their tunability in terms of their effective bulk modulus
and density (positive and negative), and in their suitability for design optimization. Typical examples are
phononic crystals (periodic media with band gaps effect), and metamaterials exhibiting subwavelength-scale
structures including for instance networks of resonators, which could be individually tuned [3, 5, 6].

Most of the studies focus on optimising objective markers such as the reflection and transmission coefficients
on a large frequency range [5, 6]. However these numbers do not account for the human perception, and its
appreciation of sound quality. Psychoacoustic studies could show that loudness is not the only factor for
annoyance, disturbance or, conversely, pleasantness and comfort. Other metrics describe multiple aspects
building the sound signature, when related to cognition, such as sharpness, roughness, fluctuation strength
(both related to signal modulation), tonality, pitch. . . [10, 11]. In fact, the perceptual comparison of meta-
material insulation/absorption solutions to classical structures is a relatively new topic and the present study
aims at contributing to defining the grounds for such a comparison.

One of the main research topics supported by the COST action DENORMS (CA15125) [12] is the under-
standing and design of metamaterials for sound absorption and insulation. The action encourages inter-
national cooperation, which has given rise to a group aiming at including psychoacoustics in models and
experimental setups in order to characterise and design such materials. For this preliminary study, percep-
tion is at the central point of the test, and the COST action DENORMS provided an opportunity to organise a
listening test during its recent workshop “Dedicated manufacturing and experimental techniques for acoustic
metamaterials and acoustic treatments” that took place in Leuven in February 6-7th, 2018. The test gathered
35 experts from 17 countries, with a large age range and 20% of women.

The test complements the ongoing RISE project PAPABUILD [13] regarding listening tests and cognitive
evaluation of partitions in building and architectural acoustics. In the present test, an office context is chosen
in which listeners are sitting in front of an insulation partition. The test procedure consists in pair compar-
ison of sounds from 4 different source signals transmitted through ’virtual’ partitions, some being classical
partitions (plexiglas, finite height rigid walls), some other being metamaterials (2 variants of a locally reso-
nant sonic crystal [8] and a metamaterial with multiple tuned resonators [6]). The transmitted sounds were
synthesised by performing a convolution of loudness-equalized source signals with each panel’s transfer
function at normal incidence and propagated to a single monaural receiver at the listener’s position (facing
the wall). The pair comparison criterion was to select the most annoying among two transmitted sounds, e.g.
the one that would prevent concentration on the job to be done. The tests were run at the laboratory for Soft
Matter and Biophysics of KU Leuven, in their silent room in which 6 parallel listening booths were setup.
The listening tests were ran on laptops running LMS Test.Lab Jury Testing software and replayed through
equalised Sennheiser HD600 open headphones. Finally, a comparison with objective sound quality metrics
is performed in view to extract a number of perceptual features from the metamaterials tested. The end goal
is to include such psychoacoustic targets as constraints in metamaterial design for use in everyday spaces.

1 Test scenario and test samples

As the present study aims at predicting the perception of insulation walls that do not exist yet, physical
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models are used to synthesise sounds that could be replayed to listeners through headphones. This allows to
fully design a virtual listening environment. In the present case, the following constraints are considered:

1. The listener is sitting in an ’infinite’ or anechoic room

2. The listener is sitting at 1m facing the partition and 1m above the floor;

3. The response perceived by each ear is identical (monaural sound synthesis);

4. The source signal is convolved with the impulse response of the partition and then propagated identi-
cally to each ear, accounting for a generic Head & Torso equalisation. The latter aims at simulating
the presence of a sitting person in the sound field;

5. Finally, another equalisation is applied to linearise for the response of the headphones.

To quantify the sound insulation from noise sources to the listener, the partitions from Table 1 are selected
for their transmission characteristics. More details are provided in the two next sub-sections.

A B C D E
3mm Plexiglas RSC(2) RSC(4) RTA 1.5m-high screen

Table 1: The five partitions used in the listening test. ’RSC(n)’ stands for ’Resonant Sonic Crystal, with n
referring to the number of unit cells in use; and ’RTA’ stands for ’Rainbow Trapping Absorber’. These are
described in section 1.2.

1.1 Classical samples

In view of comparing the sound transmission through metamaterials with classical sound insulation solutions
that have similar advantages in terms of not totally blocking the visual connection between the locations to
be acoustically insulated, we have considered a 3mm-thick Plexiglas panel and a 1.5m-high rigid wall, the
former type of separation being fully optically transparent, and the latter one only blocking the view for the
line of sight below 1.5m, relevant for subjects sitting, e.g. in an office.

For the calculation of the sound insulation of the Plexiglas panel, we assumed perpendicular incidence and
neglected the existence of flexural waves. The sound propagation was thus modeled through a 1D 3-layer
system air-Plexiglas-air. Table 2 summarises the properties of the plexiglas panel.

E (GPa) σ ρ (kg.m−3) d (mm)
3.3 0.37 1190 3

Table 2: Properties of the plexiglas panel, E the Young’s modulus, σ the Poisson’s ratio, ρ the density and d
the sample thickness.

For frequencies in the audio range, with wavelength significantly longer than the panel thickness, the acoustic
insulation - or transmission loss TL - follows the mass-law [9]:

TL(f) = 10 log10(1 + (mAπf/ZAir)
2) (1)

withmA = ρd the surface mass density (kg.m−2) and ZAir (Pa.s.m−1) the specific acoustic impedance of air.
The impulse response is obtained by inverse discrete Fourier transform of the transmission spectrum, i.e.,
the inverse of the insulation spectrum, filtered by a 4th order high-pass filter with a characteristic frequency
of 10Hz in order to ensure numerical stability for the low frequency transmission.

For the calculation of the sound insulation of the 1.5m wall, we used a 2D finite difference model in
10m×10m domain discretised by a staggered grid of 5000×5000 elements. The 1.5m high panel modeled
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was emulated by a infinitely rigid line with a thickness of 1 element, resting on the bottom in the middle of
the domain, where the displacement was forced to zero. For the other boundaries we used perfectly matching
layers of 20 elements thick. Figure 1 depicts the position of the Gaussian pressure source (radius r=2cm,
corresponding with low pass filter effect with cut-off frequency of about c/r=340/0.02=17kHz), the panel,
and the receiver.

Figure 1: Finite difference propagation model for 1.5m screen. (a) and (b) show a snapshot of a propagating
impulsive wave and response waveforms received at different locations behind the panel. The signal at 1m
high and 1m from the panel was retained for convolution with the stimuli.

1.2 Metamaterial samples

In this work we have analyzed three samples based on Metamaterials. The first two ones consist of 2D
resonant sonic crystals (RSCs) [8] with a broadband transmission loss (TL) in the range of frequencies
between 350 Hz and 3220 Hz. The second one is an acoustic metamaterial [6] designed to present broadband
quasi-perfect absorption in the range of frequencies between 300 Hz and 1000 Hz.

1.2.1 Resonant Sonic Crystals (RSC)

The 2D RSC is made of square cross-section scatterers arranged on a square lattice and incorporating both
quarter-wavelength resonators (QWR) and Helmholtz resonators (HR) as shown in Fig. 2. Viscothermal
losses are accounted for both in the QWR and HR resonators by using the Zwikker and Kosten formulae [7].
The unit cell is made of 4 square-rod scatterers placed face to face in the unit cell as shown in Fig. 2. Two
differents RSC are studied in this work: One made of 2 unit cells and the second one made of 4 unit cells
(see Fig. 2).

The scatterers consist of acoustically rigid square with cross-section side L = 0.05 m. The QWRs consist of
a slit drilled along one of the scatterer’s faces. Each QWR has a width dQ = 0.035 m and depth lQ = 0.04
m. HRs are obtained by inserting an ln-thick PVC plate on top of the QWRs. The inner slit of each PVC
annular plate plays the role of the HR neck. The neck width is dn = 0.004 m and its length is ln = 0.004 m.
The width of the HR cavity is dc = 0.035 m its depth lc = 0.036 m.

Numerical simulations are performed using the two geometries shown in Fig. 2. The excitation signal con-
sists in a plane wave impinging the structure from the left side, for frequencies in the range 100-24000 Hz
having a frequency step of 10 Hz. The transfer function of both structures is measured at a point placed at a
distance L = 4 × axy , where 2 × axy is the lattice constant of the metamaterial. The impulse response of
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Figure 2: Schematic of the calculation domain including (a) 2 unit cells and (b) 4 unit cells of the metamate-
rial in the propagation direction. Periodic boundary conditions are considered in the y-axis, which makes the
structure infinite in this direction. Anechoic conditions are simulated by means of perfectly matching layers
(PML).

the system is obtained from the transfer function by applying the inverse Fourier transform to the recorded
signal in the aforementioned point.

The combination of stop bands, due to local resonant scatterers generating multiple coupled resonances at
low frequencies, with bandgaps, due to periodicity, is exploited to produce the broadest and largest possible
value of the insertion loss (IL). The latter is the ratio of the transmitted energy through the RSC over
the transmitted energy without RSC. Numerical predictions show a strong broadband attenuation, the RSC
exhibits a large IL covering three and a half octaves from 350 Hz to 5000 Hz.

Figure 3 shows the results obtained for the structure having two (left) and four (right) unit cells. In both cases
the dispersion relation of an infinite RSC having the same unit cell as the semi-infinite metamaterials under
study is shown in the top of Fig. 3. The transfer function and the calculated impulse response are shown at
the bottom of the figure for both structures.

1.2.2 Acoustic Metamaterial

The acoustic metamaterial selected for this listening test was designed to address the problem of perfect and
broadband acoustic absorption using deep-subwavelength structures. The panels are composed of monopolar
resonators with graded dimensions, namely rainbow-trapping absorbers (RTA). The designed panels present
broadband, perfect and asymmetric sound absorption, and, due to slow sound, their thickness is reduced to
the deep-subwavelength regime.

In particular, the structures are composed of a rigid panel, of thickness L, periodically perforated with series
of identical waveguides of variable square cross-section loaded by an array ofN Helmholtz resonators (HRs)
of different dimensions, as shown in Figs. 4 (a, b). Each waveguide is therefore divided in N segments of
length a[n], width h[n]1 and height h[n]3 . The HRs are located in the middle of each waveguide section. In
particular the rainbow-trapping absorber (RTA) was composed of N = 9 HRs as shown in Fig. 4 (b).
The cost function was εRTA =

∫ fN
f1
|R−|2 + |T |2df , i.e., to maximize the absorption in a broad frequency

bandwidth, that was chosen from f1 = 300 to fN = 1000 Hz. In the case of the RTA the length of the
panel was constrained to L = 11.3 cm, i.e. a panel 10 times thinner than the wavelength at 300 Hz. The
geometrical parameters obtained by the optimization process are given in Table 3.
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Figure 3: Numerical results for the metamaterials having two (left) and four (right) unit cells. Top: dispersion
relation of the structures; middle: transfer functions H(f); bottom: extracted impulse responses h(t).

n a[n] (mm) h
[n]
3 (mm) h

[n]
1 (mm) l

[n]
n (mm) l

[n]
c (mm) w

[n]
n (mm) w

[n]
c,1 (mm) w

[n]
c,2 (mm)

9 7.9 25.6 14.0 1.1 21.4 1.2 14.0 7.2
8 9.5 24.2 14.0 1.0 22.8 1.2 14.0 9.0
7 11.0 22.8 14.0 1.7 23.6 1.4 14.0 10.6
6 12.6 21.6 14.0 0.7 25.9 1.0 14.0 12.0
5 14.1 20.2 14.0 1.5 26.5 1.2 14.0 13.6
4 15.7 18.8 14.0 1.1 28.3 1.0 14.0 15.2
3 17.3 17.4 14.0 1.6 29.2 1.0 14.0 16.8
2 18.8 16.0 14.0 1.1 31.2 0.8 14.0 18.4
1 6.4 1.0 1.0 3.0 44.7 0.6 14.0 5.6

Table 3: Geometrical parameters for the Rainbow Trapping Absorber (RTA) (N = 9).

2 Listening tests

The listening tests were conducted at the Physics department of KU Leuven on February 6th and 7th, 2018.
Six sessions were held, each one hosting up to six volunteers taking the test in parallel.

This section details the design of the test, including the selection of stimuli or source signals, the generation
and equalization of the transmitted signals to be replayed, the test type (A-B pair comparisons) and the
questions submitted to the jurors.

2.1 Selected stimuli and test signals generation

Stimuli were selected to be meaningful in an office or working environment. For the listening tests to be
comparable, each stimulus is scaled to equal loudness. The four selected stimuli (’source’ signals) are listed
in Table 4 together with their ISO532-1 loudness levels [15]. The pink noise stimulus was added to the list
as a reference, and also to evaluate the correlation with the traffic noise test results.

The four equalized stimuli are convolved with the impulse response (transfer function) of each of the five
panels from Table 1. Then, monaural signals are synthesized at the listener position, 1m away from the
partition. These include a correction to account for a ’virtual’ head and torso presence in the sound field. The
ISO532-1 loudness levels were calculated for each transmitted signals and added to Table 4. It appears clearly
that panel ’D’, the Rainbow Trapping Absorber, efficiently reduce the loudness level by approximately 40
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Figure 4: (Left panel) Conceptual view of a Rainbow Trapping Absorber (RTA) with N = 8 Helmholtz res-
onators. Scheme showing the geometrical variables for the RTA panels. (Right panel) Absorption obtained
by using the Transfer Matrix Method (continuous line), Finite Elements simulations (circles) and measured
experimentally (dotted line). (b) Corresponding reflection (red curves) and transmission (blue curves) coef-
ficients.

phons. Then the plexiglas appears to be effective in loudness reduction, closely followed by the Resonant
Sonic Crystal (RSC) with four unit cells, which only show a small improvement compared to the one with
two unit cells. Finally, the 1.5m-high rigid screen only reduces the perceived loudness by slightly less than a
factor 2 (=10 phons).

LN (phon)
Source A B C D E

Pink noise 80.6 62.9 66.2 64.5 42.5 71.3
Nokia phone 80.3 55.4 66.2 64.0 30.1 68.6

Voices (many) 80.4 65.4 65.1 63.7 45.5 72.6
Traffic noise 80.2 65.7 63.8 61.8 44.6 72.4

Table 4: ISO532-1 Loudness levels (LN ) [15] of the equalized source signal (emission side of the panel),
and transmitted through each of the five partitions from Table 1.

Twenty additional transmitted sounds were synthesized with the difference that these were equalized for
loudness. The common loudness level was set to 67 phons. The goal of these extra tests (tagged ’EQ’
throughout the paper) is to assess the contributions of other factors to the annoyance perception, such as
frequency content and its relation to tonality and sharpness, which are loudness-independent features [10].

2.2 Set up with multiple jurors

Figure 5 shows a photograph of the jury test setup. The setup is based on the Siemens LMS Test.Lab Jury
Testing application using a multi-channel output, enabling a total of 6 jurors to participate simultaneously.
Calibrated Sennheiser HD 600 open headphones were used. Ideally, jurors need to be as isolated as possible
from each other. The listening test took place in a silent room at the Physics department of the KU Leuven.
The jurors were positioned in such a way as to avoid eye contact.
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Figure 5: Jury test setup: Multiple jurors can participate via computers connected to a local network. The
test moderator machine sends and receives the test questions, and sends accordingly identical audio to all
calibrated headphones via a single, independent but synchronized audio chain.

The total duration of the listening test was about 30 minutes. The test sequence contained ten sub-parts:
Eight independent tests, see Table 5 between preliminary and feedback questions, as given in Table 6.

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8
Pink Noise Voices Traffic Phone Pink noise Voices Traffic Phone

Non-EQ EQ EQ Non-EQ EQ Non-EQ Non-EQ EQ
1m39s 1m30s 1m50s 1m10s 1m30s 1m30s 1m50s 1m10s

Table 5: Per test, the rows refer to the stimulus; then to the loudness of the transmitted signals, equalized
(’EQ’) or not to 67 phons; and finally each sub-test duration.

Preliminary questions Feedback questions
What is your nationality? Was the test easy or difficult?
What is your age range? How did you find the test duration?

What is your gender? Was the test representative?

Table 6: The preliminary questions are meant to build statistical groups, while the final questions are meant
to gather direct feedback. A free text feedback was also offered to participants.

Each test consists of 10 pairs of sounds replayed one after the other. The number of pairs derive from the
five panels under test, per stimulus and equalization status. The user is presented with three choices, ‘A’, ‘B’
or ‘=’, allowing them to select A or B as the most annoying sound, or alternatively to judge them equally
annoying. Owing to its simplicity, ‘A-B comparison’ tests [14] allow for a statistical analysis based on a
relative ranking, in this case of the perceived annoyance.

2.3 Raw statistical results

The Siemens LMS Test.Lab Jury testing software produces direct statistics for each test on the answers
gathered from all jurors.

The raw output of the tool consists of a distribution of the jurors based on their answers to the preliminary
and feedback questions from Table 6. In addition, the concordance versus consistency per juror [14] is
correspondingly displayed. Concordance provides a measure of the similarity of the ranking of sounds
among jurors, and consistency provides a measure of the extent to which a juror repeats the same ranking of
the test sounds. Figure 6 shows two examples of such raw statistical results.
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Figure 6: Examples of results from preliminary questions and Test 1 (see Tables 5 and 6). The markers
indicate the concordance and consistency per juror, whose colors relate to a statistical group. The greater the
consistency and concordance, the more reliable the test result is.

The most reliable results are those with both concordance and consistency scoring high. It is therefore pos-
sible to apply a filter removing outliers from the further statistical study based on both criteria. It follows
that results from Figure 6 are reliable with few outliers with lower concordance. It is worth noting that out-
liers with poor concordance but high consistency are valuable as these represent listeners with very different
perception than the rest of the jurors.

Results after performing this same analysis on the eight tests (see Table 5) are gathered on Figure 7. Fig-
ures 7a and 7b show the annoyance ratings from all tests, respectively without and with filtering. The latter
focuses on answers with consistency greater than 80% and concordance greater than 50%. The minimum
amount of jurors in all filtered cases was 11 among the total of 35 participants.

A low concordance can be observed for all equalized tests (tagged ’EQ’), and especially for the voices and
phone stimuli. In fact, Figure 7c clearly shows that the concordance for the equalized phone sound is low,
whether it is filtered for high consistency or not. However, for the other equalized cases showing a typical
drop of concordance, the filtering among jurors led to greater concordance scores, therefore usable for further
analysis.

Another result of interest is the weighted average of the annoyance ratings through all stimuli except for the
unreliable phone sound, on Figure 7d. The weights apply to the filtered results to normalize the scores as
if all 35 jurors were kept. This allows to compare filtered with non-filtered results. It is striking that for
non-equalized test sounds, both filtered and non-filtered annoyance scores are almost identical. Indeed, as
Figure 7c shows, concordances are high, as are consistencies. This allows to conclude that the corresponding
annoyance rankings are highly reliable. With the phone stimulus excluded, the filtered and non-filtered
results for equalized sounds show greater uncertainties, while the main ranking is kept for the five panels
under test.

A final conclusion from Figure 7d is that the panels ’D’ and ’E’, respectively the Rainbow Trapping Absorber
and the 1.5m high rigid screen, are highly affected by the equalization of the transmitted test sounds, inverting
their ranking in terms of annoyance rating. Moreover, as summarized in Table 7, the classical partitions are
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(a) Annoyance ratings including all 35 jurors. (b) Annoyance ratings limited to highly consistent jurors.

(c) Concordance between all jurors (blue and gray bars);
and within the subset (orange and yellow bars).

(d) Weighted average of the annoyance ratings (without
the phone stimulus).

Figure 7: Statistical results from the listening test. In each figure, ’EQ’ means that the transmitted signals
have equalized loudness. The ’filtered’ refer to subsets of jurors exhibiting a consistency greater than 80%
and a concordance greater than 50% - except for the ’Phone’ ring stimulus, for which concordance barely
exceeds 20%. It clearly appears that with and without equalization, annoyance ratings remain similar for
panels A, B and C, while panels D and E are highly impacted by loudness perception.

A B C D E
Non-equalized 4 2 3 5 1

Equalized 5 2 1 3 4

Table 7: Ranking per order of annoyance of the five panels (1 representing the greatest disturbance). For the
equalized sounds, panels ’D’ and ’E’ become ex-aequo after filtering jurors’ answers (see Figure 7d).

the preferred ones when equalization of the transmitted sounds is applied. This gives a hint that there exist
other sources of annoyance for the metamaterials. In most of the feedback, the frequency coloration (strong
filtering induced by the severe sound reduction) was mentioned. This coloration is indeed strongly amplified
in the equalized tests. Other sound quality metrics are needed to evaluate the annoyance based on frequency
content in parallel to level perception alone.

3 Sound quality analysis and discussion

The responses to the listening tests, with their repeatable ratings and clear rankings of annoyance, call for
the usual correlation study with objective sound quality metrics. These were defined throughout years of
psychoacoustic research [10].

The starting point for further analysis is usually to compare the averaged spectra from the transmitted sounds
with the ones from the source signals. This study is no exception and the A-weighted spectra for each
stimulus are presented on Figure 8. The noticeable features are:
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1. Very similar spectral features between pink noise and traffic noise, also in terms of levels;

2. Spectra from Resonant Sonic Crystals (RSC) and Rainbow Trapping Absorber (RTA) show peaks
that could appear tonal, as well as a level increase at higher frequencies, which could be linked to
sharpness;

3. The phone sound is definitely tonal, with largest components around 4kHz, a frequency the human ear
is very sensitive to;

4. While the RTA shows an effective level decrease throughout the frequency range, the two RSC variants
display a complex spectra with still a relatively high and constant averaged level.

Figure 8: A-weighted spectra for each of the four stimuli (Pink noise, phone, voices and traffic noise). The
references without partitions are the red spectra.

It is still difficult from spectra only to extract values that could be compared with the jury testing results.
These give hints on what to apply as sound quality metrics, in which frequency range, etc. For instance,
from time signals and spectra, tonal peaks appear as well as higher frequency content. Therefore, we target
mostly tonal and speech metrics as well as sharpness as main metrics.

Regarding the features of the sounds and the test context, we focused on level, tonal and speech metrics, such
as ISO532-1 loudness N (perceived sound level) [15], DIN45692 sharpness S (a normalized weighted loud-
ness as a feature for annoyance) [16], articulation index AI (intelligibility of speakers towards an audience),
and prominence ratio PR (quantifying the emergence of tonal components within critical bands) [17].

3.1 Sound quality metrics

Sound quality metrics are here presented, and calculated altogether in Siemens LMS Testlab software. For
each metric, single values are extracted. Typical ones of greater use are linear averages, maxima and 5th to
95th percentiles.

11

DESIGNS FOR NOISE REDUCING MATERIALS AND STRUCTURES 1157



For each source signal and partition, Table 8 groups the relative gains of each metric with respect to their
references, i.e. the corresponding metrics values without partitions. For instance, it appears clearly that
the RTA is the best material for loudness reduction; that the screen improves only slightly the intelligibility
(AI); and that the three metamaterials induce a noticeable increase of sharpness (related to annoyance, thus
negative), prominence ratios (associated with unpleasantness, tonality, negative as well), and articulation
index (positive impact).

source material N gain (%) S gain (%) AI gain (%) PR gain (%)
PinkNoise Plexiglas -66.88 -56.57 209.17 -21.19
PinkNoise RSC(2) -60.91 29.80 158.29 177.35
PinkNoise RSC(4) -64.90 31.15 173.56 293.21
PinkNoise RTA -89.50 -45.63 222.01 507.05
PinkNoise screen -44.85 -29.50 105.52 -2.52

Phone Plexiglas -81.24 -11.55 71.01 -0.89
Phone RSC(2) -64.89 8.41 40.28 4.85
Phone RSC(4) -69.67 10.00 46.94 9.37
Phone RTA -96.86 -7.32 96.84 -7.89
Phone screen -55.90 -6.78 32.10 -1.64
Voices Plexiglas -60.87 -48.76 182.89 -0.08
Voices RSC(2) -64.59 15.69 164.88 23.08
Voices RSC(4) -67.84 13.91 178.26 41.26
Voices RTA -88.36 -55.01 211.32 67.43
Voices screen -39.14 -25.48 106.63 0.91
Traffic Plexiglas -59.50 -51.59 210.86 -11.56
Traffic RSC(2) -65.44 18.08 179.14 39.00
Traffic RSC(4) -69.43 18.74 196.74 104.60
Traffic RTA -88.21 -53.19 240.24 175.11
Traffic screen -39.24 -26.03 115.15 -7.83

Table 8: Relative gains between the transmitted sounds and the source signals. Orange and red cells indi-
cate moderate and noticeable deviations in directions opposite to targets. The three metamaterials impact
negatively sharpness S and prominence ratio PR, assuming these should be as low as possible in an office
environment. Finally N stands for Loudness and AI for Articulation Index.

A similar analysis can be performed on the equalized transmitted sounds, yielding similar results for the
selected subsets of jurors, and loudness excluded. A side note is that for the phone stimulus, the AI only
slightly improves. This can be interpreted as a desired feature since the aim of a phone ring is to trigger
attention!

These results clearly show that sharpness and tonal metrics are key factors to account for in designing meta-
materials for insulation partitions, and that their relationships toward these metrics are opposite to the ones
of classical partitions.

3.2 Correlation, material design and discussion

The ultimate goal of this work is to establish correlations between material properties and perceptual metrics.
Based on Table 8, the focus falls upon sharpness S, articulation index AI and prominence ratio PR.

To discard as much as possible the impact of loudness on subjective scores, the equalized results are selected,
using the subset of jurors showing sufficient consistency and concordance. Figure 9 show that indeed for
sharpness and prominence ratio, these tests give the best correlations. The correlation is logarithmic for
prominence ratio because it is expressed in decibels.
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For sharpness, the phone stimulus was indeed found to be a clear outlier, as concluded from the preliminary
tests. In figure 9, it may be observed that the traffic results are also outliers despite its similarity with the
pink noise stimulus. This conclusion poses the risk that in order to improve the linear regression, the amount
of points is reduced. Reassuringly nevertheless, with and without the traffic results, the linear regressions are
almost identical.

For the prominence ratio (PR), the correlation is limited to the three metamaterials, without the phone
stimulus, which is too tonal in itself to describe an intrinsic feature of the panels. This was necessary as
table 8 shows a specific trend in PR restricted to these materials.

For articulation index and loudness, the non-equalized test sounds must be used as these are level-dependent
metrics. Results with and without the filtering of poorly consistent and/or concordant jurors can be compared.
In both tests, it appears that the filtering of jurors has a low impact. Indeed, non-equalized test results show
high consistency and concordance, with only a few outliers. For the articulation index, Figure 9 shows a
good correlation for every stimumus, including that of the phone. Only the 1.5m high screen shows really
off results, which could be imputed to the nearly unaltered broadband spectrum, except in level. Indeed
metamaterials affect narrower frequency bands on which the articulation index calculation is based on.

For loudness, only the metamaterials are meaningful as the level reduction is a key feature of their design.
This reduces drastically the number of points on which to perform the linear regression, but this gives a trend,
found almost identical with and without juror filtering.

These trends in correlation need to be manipulated with care. First, the test accuracy must be assessed;
then, the test data must be grouped in meaningful bundles (metamaterials together, level-dependent or not
metrics...) on which a simple psychoacoustic model could be defined. Stability and reliability of these trends
must be evaluated by testing under- and over-filtering. This is the present ongoing stage in this research,
which aims at finding the best psychoacoustic model valuable for the different material characteristics under
different stimuli by means of an optimization procedure. The psychoacoustic model would be able to rank
the most probable preference for materials and stimuli similar to that obtained with human jurors.

4 Conclusion

The present jury testing activity within the COST action DENORMS (CA15125) is a preliminary study. The
starting point was to compare how listeners (here mostly experts) would rank these new materials against
classical partitions as used today.

The results is somehow surprising, the plexiglas panel performing better than the two variants of the resonant
sonic crystals. The rainbow trapping absorber shows good scores due to an efficient broadband sound reduc-
tion, which also impacts positively the speech intelligibility, measured here with the articulation index. In
order to understand other characteristics of such metamaterials, the tests were repeated with equalized trans-
mitted sounds. These show that all metamaterials displayed an increase of sharpness and tonality induced
by a severe alteration of the ’usual’ sound spectra. This coloration was perceived as an annoyance factor by
some jurors, thus reversing the preference ranking to the more classical partitions.

Both equalized and non-equalized tests were also useful to extract independent trends from sound quality
metrics through correlation analysis; some common to all insulation panels (sharpness, articulation index),
some specific to metamaterials (prominence ratio, loudness).

Future work will partly consist in building psychoacoustic models of such structured materials. These models
could be included in upfront material design as constraints to reach known targets, e.g. privacy in an office,
speech intelligibility in an auditorium, level reduction in outdoor environments such as streets or stations,
while keeping key features so that safety constraints are guaranteed. The challenge therein is to get enough
reliable subjective tests scores to optimally converge to such models.

Further research efforts in this field could also be concentrated on correlating sound quality metrics to the
inner (micro)structure of the materials. This would allow to obtain an optimal set of design parameters such
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Figure 9: Correlations between calculated sound quality metrics and subjective annoyance ratings from the
listening test. As expected, sharpness and prominence ratio give the best correlations from the equalized
tests. Articulation index and loudness are level-dependent and therefore correlate better with the results from
non-equalized test sounds. ’None’ means no equalisation and no filtering.

as the geometry of the unit cell of a sonic crystal, thus allowing to reach a target sharpness value together
with a target loudness reduction in transmission.
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