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Abstract—Early diagnosis of pulmonary implications is
fundamental for the treatment of several diseases, such as
idiopathic pulmonary fibrosis, rheumatoid arthritis, connec-
tive tissue diseases and interstitial pneumonia secondary
to COVID-19 among the many. Recent studies prove that
a wide class of pulmonary diseases can be early detected
by auscultation and suitably developed algorithms for the -
analysis of lung sounds. Indeed, the technical characteristics o 1
of sensors have an impact on the quality of the acquired lung W
sounds. The availability of a fair and quantitative approach @ X
to sensors’ comparison is a prerequisite for the development o
of new diagnostic tools. In this work the problem of a fair comparison between sensors for lung sounds is decoupled
into two steps. The first part of this study is devoted to the identification of a synthetic material capable of mimicking
the acoustic behavior of human soft tissues; this material is then adopted as a reference. In the second part, the
standard skin is exploited to quantitatively compare several types of sensors in terms of noise floor and sensitivity. The
proposed methodology leads to reproducible results and allows to consider sensors of different nature, e.g. laryngophone,
electret microphone, digital MEMS microphone, mechanical phonendoscope and electronic phonendoscope. Finally, the
experimental results are interpreted under the new perspective of equivalent sensitivity and some important guidelines
for the design of new sensors are provided. These guidelines could represent the starting point for improving the devices
for acquisition of lung sounds.
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COUSTIC information retrieved via digital stethoscopes
or equivalent sensors has been used for a plethora of
applications, from continuous health monitoring, to automatic
recognition and identification of cardiac patterns, to person
identification algorithms [1]-[3]. Recently, various studies
have proved the effectiveness of electronic phonendoscopes
and suitably developed software in the early detection of
pulmonary fibrosis and interstitial lung diseases [4]-[6].
Acoustics of stethoscopes and their performance as sensors
have been studied for more than 50 years, with seminal articles
dating as early as 1966 [7]. Subsequent investigations [8]-[11]
consolidated the knowledge that the usable information which
can be actually retrieved through a stethoscope is limited to
2 kHz [12], even if Ertel and colleagues measured frequency
responses of stethoscopes exceeding 3 kHz of bandwidth [7].
On the one hand, the structure generating the pulmonary
sounds is of particular interest for physicians. However, on the
other hand, the propagation inside the lung and through the
human soft tissues, together with the limitations of the acqui-
sition tool (e.g. a mechano-acoustic stethoscope) contribute to
constraint the frequency response of the observed phenomenon
and affect the related information content accordingly. As a
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matter of fact, all the studies trying to grasp the actual acoustic
bandwidth of lung sounds are limited by the intrinsic difficulty
of decoupling the pulmonary murmur from the artefacts super-
imposed to it by the acquisition system. Few works have tried
to fill this gap. Some stethoscopes have been characterized and
compared in terms of bandwidth on the basis of the acoustic
coupling provided by headphones [11]. Other studies have
been devoted to the modeling of wave propagation inside the
lungs [8], [13].

The scope of this work is twofold. Firstly, we present an
experimental method to characterize and identify synthetic
material mimicking the mechano-acoustic behavior of the
dorsum (back) of the human thoracic cavity. Both the synthetic
materials and the human soft tissues are characterized in
terms of apparent mass, which is equivalent to the mechan-
ical impedance. We have characterized 25 acoustic materials
through a robust measurement method [14], and then we have
drawn up a ranking in terms of similarity to the human soft
tissues of the dorsum. The best materials have been elected
to, which will become the reference benchmark with whom
all subsequent measurements of this article will be drawn.
In the second part of the study, the is used to assess and
compare a large set of sensors, namely mechanical phonen-
doscopes (MPs), electronic phonendoscopes (EPs), laryngo-
phones, accelerometers and MEMS microphones. To the best
of our knowledge, this work represents the first approach
to a repeatable, objective and quantitative comparison of
sensors for lung sounds. This comes from the fact that while
human tissue (even only for the dorsum) shows a variety
of responses that needs averaging, the standard skin is a
completely characterized material, and, equally important, it is
easy to source. This will offer all sensors manufacturers and
researchers a solid repeatable platform to perform their future
studies and comparisons. In a sense, our contribution can be
interpreted as an extension of the original intent of Ertel ef al.
to create a standard ear suitable to quantitatively select the
best auscultation tools available at the time [7].

The remaining of this paper is organized as follows. The
definitions of apparent mass and mechano-acoustic impedance
are given in Section II, where also the measurement setup and
the metrics adopted to identify the synthetic standard skin are
described in detail. The approach to the performance com-
parison of the considered sensors is presented in Section III.
Numerical and experimental results are shown in Section IV.
These results are discussed and commented on in Section V,
where guidelines for future sensor design are also provided
in the light of the retrieved data and of electro-acoustic
design criteria. Finally, conclusions are summarized in
Section VI.

Il. MATERIALS WITH VIBRO-ACOUSTIC BEHAVIOR

SIMILAR TO HUMAN TISSUES: THE STANDARD SKIN
The system considered for the characterization of the mate-
rials is shown in Figure 1: the material under test is excited
by a force F(t) and responds with an acceleration A(t). In this
framework, a material is characterized by its apparent mass
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Fig. 1.  Block diagram illustrating the system considered for the
evaluation of the apparent mass M(w) of the material under investigation.

(or inertance) M(w) [15]:
F (o)
A(o)
where w = 2xf is the angular frequency associated to the
frequency f, F(w) is the Fourier transform of the excitation
force F(t), i.e. the input of the system, and A(w) is the Fourier
transform of the resulting acceleration A(t), i.e. the output of
the system.

For readers unfamiliar to vibrational analysis, we remind
that the apparent mass M(w) of a material is related to its
mechanical impedance Zp(w) and its acoustic impedance

Za(w):
M@ =-—E@ 1 =Lz, @
jo V() jo jo

M (w) = (1

where V(w) is the Fourier transform of the velocity v(t)
resulting from the force excitation, and S is the reference
surface for the measurement of the acoustic impedance [16].

The rationale behind this first part of our study consists
of identifying a set of materials characterized by an apparent
mass M(w) as close as possible to human tissues’, since the
filtering effects on propagating mechano-acoustic waves are
similar. We refer to this class of materials as standard skins.
Once one (or more) material were found, we could then focus
on the comparisons of the sensors, without the necessity to
perform any other tests on humans, thus greatly reducing the
complexity of future studies.

The experimental setup for the characterization of the panels
is depicted in Figure 2. A sample of the material under test
was firmly attached to a rigid surface and excited with a Briiel
& Kjer 8202 impact hammer, equipped with a Briiel & Kjer
8200 force transducer and a Briiel & Kjar 4368 accelerometer.
The co-location of the force and acceleration sensors on the
hammer head enabled the precise and simultaneous acquisition
of the input force F(t) and the resulting acceleration output A(t)
of the material under test. The transducers were conditioned
using two Briiel & Kjar 2635 charge amplifiers. The resulting
voltage signals were simultaneously acquired using a Zoom
H4n recorder.

The collected signals were then post-processed in MATLAB
with the support of the ITA-Toolbox [16]. The Discrete Fourier
Transform (DFT) of the acquired signals is firstly computed,
leading to the input force DFT F(w;) and the output acceler-
ation DFT A(w;), where wj; is the discrete angular frequency
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Fig. 2. Experimental setup for the apparent mass characterization of
the standard skin candidates. A sample of the material under test is
excited with a Bruel & Kjeer 8202 impact hammer, equipped with a Briel
& Kjeer 8200 force transducer and a Briel & Kjeer 4368 accelerometer.
The transducers are conditioned using two Briel & Kjeer 2635 charge
amplifiers. The resulting voltage signals are simultaneously acquired
using a Zoom H4n recorder.
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Fig. 3. Comparisons between the measured apparent mass of different
materials: real skin (black circles), material 12 (solid red line), material
25 (dashed green line), and material 2 (dotted blue line). Material 12 and
material 25 show a good match with the real skin. Conversely, Material 2
shows significant fluctuations not exhibited by the real skin. For more
information on the materials, see Appendix A.

resulting from the signals discretization. Each DFT has length
N = 96000. The apparent mass DFT M(w;) is then computed
according to Eq.(1).

The same experimental setup was used in the past for the
in vivo characterization of the real skin. Measurements were
previously collected in a database which was used for this
work. The focus was on the human dorsum area, which is of
particular interest for phonendoscopic analysis. The database
contained apparent masses recorded multiple times in different
locations within such an area, taken from different subjects.
Accordingly, the value later used as a reference to represent the
in vivo skin is in fact the pool average of all the collected data,
which allowed accounting for the physiological variations of
different subjects.

The synthetic materials encompassed in this study are
readily available off-the-shelf multi-layered panels normally
used in building acoustics [17]. The complete list can be found
in Appendix A. In order to select the best synthetic materials,
their apparent mass were compared to that of the averaged real
skin described above. The apparent mass of three remarkable
materials is shown in Figure 3; the real skin is also reported
for comparison.

TABLE |
EVALUATION METRICS FOR THE IDENTIFICATION
OF THE BEST MATERIALS

Material MAPE Material MSE (x10°)
25 7.56 25 33.28
12 9.61 12 46.08

1 9.69 7 59.07
8 10.16 3 60.19
7 10.56 15 65.18
3 11.04 8 65.87
5 11.54 1 67.52
15 11.57 9 86.70
9 12.14 5 97.01
11 12.45 11 103.1

Firstly, it is worth pointing out that the bandwidth of the
measured data is roughly limited to 1kHz; this is mainly
entailed by the intrinsic elasticity of the tested materials and to
the real skin considered as reference. The soft tip of the impact
hammer might also have a role. Material 25 (SUPERGRAN,
mm. 5) and Material 12 (SUPERFINE, mm. 8 + 3) show a
good match with the real skin at low frequencies and just some
fluctuations in the highest part of the spectrum. Conversely,
Material 2 (MANTOPHON BIT mm. 5 + 4 + 5) presents
a substantially different apparent mass profile with respect to
real skin, thus suggesting that sound propagation and filtering
effects would be also significantly different.

To select the best candidates to become standard skin, two
performance metrics were used: the Mean Absolute Percentage
Error (MAPE) and the Mean Squared Error (MSE) of the
materials apparent mass with respect to the real skin one.

In this framework, the MAPE of the materials’ apparent
mass is defined as:

Muyar (i) — Mskn (w;)
Muyat (i)

1 N
MAPE = — > (3)

i=1

where MyaT and Mgkn are the apparent mass of the material
under test and of the real skin, respectively. Similarly, the MSE
of the materials’ apparent mass is defined as:

N
MSE :%Z|MMAT (@) — Msk iy (@) 4

i=1
The MAPE and the MSE of the best ranked materials are
shown in Table I. Experimental evidence indicates that the
best matching to the real skin is achieved by material 12 and
material 25. Accordingly, these materials will be employed as

standard skins in the remainder of the work.

1. METHODOLOGY AND MEASUREMENT SETUP
FOR SENSORS COMPARISON

The second part of our study requires an experimental setup
to compare a large set of sensors using the fully characterized
standard skins. This will be presented in this Section. More-
over, a performance criterion is proposed to draw up a ranking
of sensors.

The experimental setup for the characterization of the sen-
sors is depicted in Fig. 4. It is worth pointing out that the

Authorized licensed use limited to: Universita degli Studi di Parma. Downloaded on January 18,2022 at 16:28:22 UTC from IEEE Xplore. Restrictions apply.



LA TORRACA et al.: IDENTIFICATION OF SOFT TISSUE-MIMICKING MATERIALS AND APPLICATION

1015

%

9

|

s

Sensor under test

Binaural dummy head

Ambassador

¢

Standard skin

-— @ g
) Force transducer
B&K 8200

R

Audio card
\ — a —»

ZOOM UAC-8
| Y |

an

Shaker
B&K 4810

B&K 2635

Power amplifier
Crown 1202

Fig. 4. Experimental setup for the characterization of the sensors for
phonendoscopic applications. A PC and a Zoom UAC-8 audio interface
are used to simultaneously excite the standard skin and to acquire
the signals of interest. The stimulus signal is amplified by a Crown
1202 amplifier and applied to a Briel & Kjeer 4810 shaker equipped with
a Briiel & Kjeer 8200 force transducer, conditioned with a Briel & Kjeer
2635 charge amplifier. The standard skin is firmly attached to the shaker
axis. The sensor under test is attached on top of the standard skin. The
signals produced by the sensor are routed to an Ambassador binaural
dummy head, either directly or by Sennheiser IE 40 PRO headphones.

considered transducers belong to different classes. Thus, subtle
changes have been introduced to each measurement chain in
order to yield congruent signals for a fair comparison.

A PC and a Zoom UAC-8 audio interface were used to both
excite the standard skin and to acquire the signals of interest.
The stimulus signal was amplified by a Crown 1202 amplifier
and applied to a Briiel & Kjar 4810 shaker equipped with
a Briiel & Kjer 8200 force transducer. The exciting signal
was an Exponential Sine Sweep (ESS) with starting frequency
of 10 Hz, ending frequency of 10kHz and time support of
20 seconds [18], [19].

The standard skin was firmly attached to the shaker axis,
and the sensor under test was attached on top of the stan-
dard skin using Bostik Blu Tack. The force transducer was
conditioned using a Briiel & Kjar 2635 charge amplifier.

Signals produced by the Device Under Test (DUT) were
routed to an Ambassador binaural dummy head. DUTs with
an acoustic output (i.e. mechanical and electronic phonen-
doscopes) were directly placed onto the ears of the bin-
aural dummy head, whereas DUTs providing an electrical
outputs (i.e. laryngophone, MEMS, and electret microphone)
were connected to high quality in-ear headphones (Sennheiser
IE 40 PRO) and coupled with the dummy head. It is worth
pointing out that this setup mimics real-life operational con-
ditions for each type of sensors and hence results in a fair
comparison. All the output signals returned by the binaural
dummy head and the charge amplifier were recorded using
the same Zoom audio interface.

The input gain of the channel acquiring the DUTS’ output
(i.e. the signal coming from the binaural dummy head) was
specifically tuned for each DUT characterization in order to set

TABLE Il
SUMMARY OF THE CHARACTERIZED SENSORS

Manufacturer Model Technology

Midland AE38 Laryngophone

PUI Audio PUM-5250L-R Electret microphone,
mounted on a chest piece

Invensense 1CS-43432 MEMS microphone
Mechanical

MDF Sprague Rappaport phonendoscope (MP)

. . Mechanical
Littmann Master Cardiology phonendoscope (MP)
Littmann 3200 Electronic

phonendoscope (EP)

the equivalent acoustic noise floor at 50 dB SPL (A weighted).
This allowed for a fair comparison of the different DUTs
based on their mechano-acoustic response, independently of
their specific noise floor.

Measuring the responses at a standardized noise floor level
enables evaluating the sensors performance and avoiding any
fictitious advantage that complex electronic devices (e.g. the
Littman 3200) could have thanks to embedded amplification
circuitry. In fact, any embedded amplification within the trans-
ducer would simultaneously increase both the sensor response
and its associated noise floor, resulting in a louder sound
(which can be useful in some applications) but providing no
additional information. Conversely, sensors with low noise
floor would be penalized if this is not taken into account during
the characterization.

An ESS stimulus was again used to measure the force-to-
pressure frequency responses, i.e. the sensitivity of the given
sensor, and it is worth repeating that force and pressure signals
were firstly acquired synchronously and then post-processed
in MATLAB using the ITA-Toolbox [20] according to the ESS
method [18], [19], thus leading to the sensitivity of the DUTs
(at 50 dB SPL noise floor).

IV. SENSORS RESPONSES AND COMPARISON

The sensors characterized in this study are summarized in
Table II. The experimental sensitivity extracted as described
in Section III is shown in Figure 5. It is worth reminding
that material 12 and material 25 (shown in red and blue,
respectively) were both employed as standard skins for the
sake of comparison.

All responses show an overall band-pass behavior, indepen-
dently of the type of sensor (either mechanical or electronic).
However, large variations can be observed in terms of cut-off
frequencies and stop-band slopes. Moreover, resonances of
various magnitudes are exhibited by all the sensors throughout
the useful bandwidth, complicating the comparison of the
experimental responses.

For a better interpretation of data, complex experimental
responses were fitted by suitably designed Butterworth band-
pass filters. Indeed, this approach allowed to characterize each
sensor through a small number of parameters, namely the
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Fig.5. Experimental sensitivity of the tested sensors, expressed in dB relative to 1Pa/N and measured at 50 dB SPL (A weighted) noise floor. For each
sensor, the sensitivity has been measured using both material 12 (red squares) and material 25 (blue circles) as standard skin. The sensors exhibit
an overall band-pass behavior, with clearly visible cut-off frequencies. Spurious resonance effects are also detected. The experimental sensitivities
are fitted with Butterworth band-pass filters (solid black lines), highlighting the pass-band magnitude, cut-off frequencies and -3dB bandwidth of

sensors.
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to the frequency axis.

The resulting plot shows a remarkable similarity to the
Carnegie Hall musical instruments chart of [21]. This suggests
that the proposed approach could be adopted in the future for
the quantitative and objective comparison of the performance
of devices for lung sound auscultation.

V. DISCUSSION AND FUTURE DEVELOPMENTS
The methodology discussed so far has some relevant advan-
tages for sensor designers, since it allows one to grasp the
capability of sensors in collecting information regardless of
the type of device and its inherent noise floor. In this work,

equivalent noise floor conditions. The vertical position of the line corre-
sponds to the pass-band magnitude of the sensor sensitivity. Moreover,
the higher its position along the vertical axis, the higher the signal-to-
noise (SNR) provided by the sensor. The horizontal length of the line
corresponds to the pass-band bandwidth of the sensor sensitivity.

different sensors for lung sounds are compared in terms of
bandwidth and sensitivity. As far as the former is concerned,
the most important message is that the useful band is practi-
cally limited to 1 kHz even for state-of-the-art devices. This
limitation is entailed by the joint effect of the elasticity of soft
tissues and the acoustic coupling between the transducer and
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Fig. 7. Detail of the performance of the MEMS sensor (from Fig.5c¢).

The trade-off between sensitivity and bandwidth can be exploited from a
system design perspective for different applications. The MEMS sensor
inherently implements a high-sensitivity, narrow-band sensing (solid
black line). A simple stop-band filter allows tuning the response to a
wider bandwidth with different sensitivity settings (dashed black line).

the human skin. Considering that most of the devices are based
on a vibrating membrane, the range consists of approximately
2 octaves of usable bandwidth (e.g. from 40 Hz to 250 Hz
for the Littmann 3200, or from 60 Hz to 300 Hz for the PUI
Audio Electret). An exception is represented by the Midland
laryngophone providing 3.3 octaves of usable bandwidth (from
100 Hz to 1000 Hz). This agrees to transducer design theory
which, considering both the size of the actuator/sensor mem-
brane and the relationship between acoustic wavenumbers and
radiation impedance, states that higher efficiency and constant
radiating power (i.e. the so called piston band) is achieved
when:

2w
ka = Ta ~[0.1, 2] )

where k is the acoustic wavenumber, A is the acoustic wave-
length, and a is the radius of the membrane [22].

While for actuators the piston band can typically
extend for almost two decades (which is more than
4.3 octaves), the complex interaction between the standard
skin and the sensors’ membranes, which includes an addi-
tional mechano-acoustic interface, further limits the sensing
capabilities.

More evidence supporting this interpretation of the data is
the good performance of the Midland laryngophone, which
directly converts vibrations to electrical signals, without
relying on acoustic energy conversion as an intermediate
step. This suggests a guideline for designers who want to
improve the performance in terms of useful bandwidth, namely
to minimize the number of energy conversions performed
by the sensor. This could be for example achieved elim-
inating one mechano-acoustic interface, i.e. sensing vibra-
tions and accelerations directly, which could mitigate the
intrinsic limitations due to multiple interfaces and coupling.
In this case the expected bandwidth could be as large as
4 octaves.

As far as sensitivity is concerned, experimental results
show how modern devices based on digital MEMS (e.g. the
InvenSense 1CS-43432) can outperform other candidates by

almost 15 dB. Interestingly, from a technical point of view,
this MEMS device is more similar to an accelerometer than
to a microphone. As a consequence, it would be expected to
offer a broader usable bandwidth.

The fact that the measured bandwidth for this transducer
seems to disagree with what stated above is not a contradiction
or a limitation of the technology but, on the contrary, the result
of a mature design decision. In fact, if some sensitivity gain
reduction is accepted, a significant bandwidth extension could
be achieved. This idea is suggested in Figure 7 by plotting
on the same graph two fitting curves, reflecting two different
levels of target sensitivity.

Moving on with the same rationale, the sensitivity-
bandwidth metric could be reinterpreted to provide a region of
“maximum absolute ratings.” This idea is sketched in Figure 6
by using the MEMS transducer as an example. In practice
the blue area subtends the set of working points allowed
by the MEMS transducer, so that the designer can adjust
the trade-off between sensitivity and bandwidth according to
the system requirements. Such flexibility is another suggested
guideline for the designer. For instance, pulmonary sounds
characterized by a very large bandwidth could be acquired
with a relatively low sensitivity to have a broad overview of
possible lung implications. On the other hand, the lung sounds
showing peculiar narrow band features could be acquired with
significantly higher sensitivity to maximize the chance of
detection of specific diseases [4]-[6].

VI. CONCLUSION

The first part of this study is devoted to the search and
characterization of synthetic materials suitable to mimic the
vibro-acoustical properties of human soft tissues and become
a reference benchmark which could be referred as standard
skin. A large set of multi-layered materials typically used as
acoustic panels was considered. Two materials were identified
as best candidates to represent the standard skin, namely Mate-
rial 25 (SUPERGRAN, mm. 5) and Material 12 (SUPERFINE,
mm. 8 + 3). The worldwide availability of these acoustic
panels paves the ways to reproducible measurements and fair
comparison.

Then, in the second part of this work, the standard skins
were used to benchmark a large set of sensors suitable to
the acquisition of lung sounds. Different types of transducers
were assessed, namely laryngophone, electret microphone,
digital MEMS microphone, mechanical phonendoscope and
electronic phonendoscope.

All sensors were compared in terms of sensitivity, in equiv-
alent noise floor condition. The new interpretation of experi-
mental results led to the concepts of normalized sensitivity and
equivalent usable bandwidth. These concepts, in turn, allow
to compare, classify and rank sensors of different nature. Six
devices for dorsum auscultation were analyzed and discussed
in detail. Finally, important design guidelines were devised by
our new perspective.

In particular, the presence of a vibrating membrane seems
to limit the trade-off between bandwidth and sensitivity, thus
suggesting to push the research towards “solid state transduc-
ers” like accelerometers and MEMS microphone. On the basis
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TABLE Il
STANDARD SKIN CANDIDATE MATERIALS
Material ~ Name MAPE  MSE (x10°)
MANTOBIT
1 mm. 34543 9.69 675.22
MANTOPHON BIT
2 mm. 54445 18.58 2935.71
3 MANTOPHON Superbit 11.04 601.94
mm. 8§+4
4 MICROMANT 3625 2897693
mm. 5
5 MANTOPHON BIT 11.54 970.12
mm. 5+3
6 MANTOPHON BIT 1337 1245 76
mm. 5+4
7 POLYMANT C/33 CL1 10.56 50069
mm. 5
MANTOSOL
8 mm. 54443 10.16 658.66
MANTOPHON PLUS
9 mm. 3+0.5+8 12.14 866.98
MANTOPHON PB CL1
10 mm. 340 543 15.38 2145.45
MANTOPHON PB
11 mm. 340 5+3 12.45 1030.98
12 SUPERFINE 9.61 460.76
mm. 8+3
MANTOPHON ECOFIRE
13 mm. 34343 21.33 19786.44
MICROGIPS
14 mm. 12.5+10 24.06 11651.80
BLUEBIT
15 mm. 3+4 11.57 651.79
POLYMIX PB CL.1 Riv
16 mm. 3+0.5420 17.08 3379.53
POLYWALL PB CL.1 Riv
17 mm. 20+0.5+20 18.85 2772.78
18 MANTOPHON ECOLIGHT 24.93 7361.26
mm. 3+3+3
MANTOPHON BIT
19 mm. 5+4+5 17.86 3485.01
MANTOPHON ECOFINE
20 . 34343 18.38 2637.94
MANTOPHON PLUS
21 mm. 3+0.5+8 14.88 1444 .84
EUROWOOD PB
22 mm. 124035419 17.72 2564.72
MANTOPHON PB evolution
23 mm. 4+0.5+4 25.44 41416.83
MANTOPHON Light
24 mm. 3403543 14.21 1183.67
25 SUPERGRAN 7.56 332.80
mm. 5

of recent studies available in literature, we believe that new
high-performance sensors for the acquisition of lung sounds
could represent one of the key technologies for the automatic
detection of pulmonary diseases.

APPENDIX

Table III lists all the candidate materials for standard skin
tested in this study, along with the related evaluation metrics
described in Section III (i.e. the MAPE and MSE of materials
apparent mass with respect to the real skin apparent mass).
All the candidate materials are readily available off-the-shelf
multi-layered panels with applications in the field of building
acoustics produced by Polymaxitalia [14].
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