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A B S T R A C T

A multiobjective optimization procedure is employed to retrieve the viscoelatic parameters of silica aerogel
clamped plates. This retrieval method preserves the aerogel sample integrity and, in contrast to the existing ones,
relies on the minimization of two different cost functions. The first one, namely J1, is related to the reflective
properties of clamped plates backed by a rigid cavity, while the second one, namely J2, concerns both the
reflectance and transmittance spectra measured in transmission configuration. The recovered parameters are in
agreement with previously reported values in the literature. In addition, they are also supported by designing
structures for perfect absorption (100% of absorption), which has been validated experimentally. Aerogel plates
can be therefore used as innovative building units of artificial structures for the broadband absorption of sound.

1. Introduction

Silica aerogels have been mainly developed for thermal and acoustic
insulation purposes [1;2]. Therefore, their manufacturing process has
been widely studied to improve their bulk properties and they present
an extremely low density [3], an ultra low thermal conductivity [4],
and a subsonic sound velocity [5;6]. The extremely low static density is
directly related to their high porosities. The frame of silica aerogel ef-
fectively consists of an assembly of connected small cross-sections
beam-like elements resulting from fused nanoparticles. This particular
assembly additionally provides silica aerogel a very low elastic stiffness
when compared to rigid silica structure of identical porosity [6]. Silica
aerogels are then nanoporous lightweight materials [2]. Beyond these
soft bulk material properties, silica aerogel plates or membranes are
excellent candidates to design original acoustic metamaterials, because
they exhibit subwavelength resonances and present efficient absorption
capabilities [7].

Recently, membrane-type metamaterials have shown an increasing
interest to control acoustic waves. While a single membrane presents
negative mass density [8] as well as may be used as a perfect sub-
wavelength absorber [9;10], the periodic arrangement of plates com-
bined with other kind of resonators presents single and double nega-
tivity [11]. More recently, periodic arrangement of clamped plates has
been used to control the harmonic generation [12] and the solitary

wave generation in the nonlinear acoustic regime [13].
The characterization of the elastic properties of the silica aerogel

plates is therefore primordial to design efficient aerogel-based acoustic
metamaterials. Two types of test have been yet proposed to characterize
their elastic properties: mechanical destructive tests and ultrasonic non-
destructive tests. On the one hand, Woignier et al. [14;15;16] used 3-
point bending and uniaxial compression while Haj-Ali et al. [17] used
digital image correlation technique to determine the mecanical beha-
vior of aerogel. On the other hand, ultrasonic tests [5;6;18;19] provide
acoustic properties but are limited in terms of frequencies and by de-
finition do not provide information in the audible regime.

This work aims at providing the viscoelastic properties of silica
aerogel plates in the audible frequency range thanks to a novel signal
processing method based on usual impedance tube measurements
which have the advantage to preserve the sample integrity. The silica
aerogel, being nanoporous, can be approximated by a viscoelastic ma-
terial in this low frequency regime; i.e. in the audible frequency range.
In this work we also show that clamped plates of silica aerogel can be
used to design ultralight acoustic metamaterials for the perfect ab-
sorption of sound.

The article is divided in four Sections. In Section 2, the proposed
method to retrieve the elastic properties is presented. A genetic opti-
mization algorithm is used with two objective (or cost) functions to
estimate Young modulus, loss factor, Poisson's ratio and mass density of
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the sample. The two objective functions arise from two complementary
acoustic configurations: the reflection problem, where the aerogel
membrane is backed with a rigid cavity, and the transmission problem.
Section 3 make use of the recovered parameters to derive the perfect
absorption (PA) condition [9;20] (i.e. α=1, where α is the acoustic
absorption) when the silica-aerogel plate is backed by a rigid cavity of a
specific length. By varying the cavity length from 0.5 cm to 6.5 cm, the
positions of both zeros and poles of the reflection coefficients are stu-
died in the complex frequency domain. Section 4 provides the con-
cluding remarks and comments.

2. Acoustic characterization of the silica aerogel plate mechanical
properties

The characterization of the viscoelastic properties of the silica
aerogel plate is based on the analysis of data acquired in the two con-
figurations shown in Fig. 1. In the first one, depicted in Fig. 1(a), the
reflection coefficient of the aerogel plate when rigidly backed with an
air cavity is measured. In the second one, depicted in Fig. 1(b), both the
reflection and transmission coefficients of the aerogel plate in a trans-
mission problem are measured. In addition, Fig. 1(c) shows a photo-
graph of the experimental setup used for the characterization.

In this Section, we present the retrieval procedure which consists in
minimizing the difference between the experimental and the theoretical
coefficients.

2.1. Direct modeling

Assuming a Kirchhoff-Love plate [21], the transverse displacement
ws satisfies the equation of motion
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2 , where E is the Young modulus and ν is the

Poisson coefficient. Considering the temporal convention eiωt, with ω
the angular frequency, the silica aerogel viscoelastic behavior implies a
complex Young modulus of the form E= Er(1+ iηω), where Er is the
real part of the Young modulus and η is the loss factor. Assuming a sub-
wavelength regime, the silica aerogel disk is considered as a punctual
resonant element. The acoustic impedance Zp of a clamped circular
cross-section plate was derived [7] and takes the form,
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where S= πr2 is the cross-section surface of the plate, Jn and In are the
regular and modified Bessel functions of the first kind of order
n∈ {0,1,2} and =k ω ρe D/p

2 is the plate wavenumber.
In the impedance tube, the aerogel clamped plate acoustically be-

haves as a point resonator mounted in series, implying sound velocity
continuity and pressure discontinuity. Therefore, the clamped plate can
be represented by a matrix Mp when using the transfer matrix method,
[22] which reads as
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The reflection and transmission coefficients for this symmetric and
reciprocal transmission problem are then directly obtained from the
elements of Mp as [22],
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where Zt= ρtct/S is the impedance of the surrounding medium, i.e. in
our case the effective fluid occupying in the impedance tube, S is the
characteristic cross-sectional area of the tube, k is the wavenumber in
the air and L is the length of the sample, in our case L= e. Viscous and
thermal losses are effectively accounted for in the tube thanks to the
formulae provided by Stinson [23].

The aerogel plate system being symmetric and reciprocal, the
modeled coefficients in the transmission problem are given by,
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In the reflection problem, the system is composed of an aerogel
plate in front of a closed cavity. In this case, the transfer matrix method
reads as,

⎡
⎣

⎤
⎦

= ⎡
⎣

⎤
⎦= =

P
V M M P[ ][ ] 0 ,

x
p c

x L0 gap (7)

Fig. 1. Reflection and transmission configurations and experimental set-up. (a) acoustic reflection configuration to determine reflection coefficient from the eval-
uated pressure P1, P2. (b) acoustic transmission problem to assess reflection and transmission coefficients from the pressures P1, P2, P3, P4. (c) Acoustic impedance
tube mounted for the experimental characterization of the transmission problem. (d) Photograph of a Silica aerogel plate with thickness e=1.1 cm and radius
r=1.5 cm.
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with the propagation matrix Mc given by

= ⎡

⎣
⎢

⎤

⎦
⎥M

k L iZ k L
i k L Z k L

[ ]
cos( ) sin( )

sin( )/ cos( )
,c

t gap t t gap

t gap t t gap (8)

where kt is the wavenumber in the closed cavity (accounting for vis-
cothermal losses) and Lgap is the cavity length. The reflection coefficient
is thus,

=
−
+
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where Zsyst= Px=0/Vx=0 is the system impedance.

2.2. Measurements of the reflection and transmission coefficients

The reflection and transmission coefficients in each configuration
are measured following the recovery of the scattering matrix elements
as explained for example in Ref. (24). In the reflection configuration,
the two acoustic pressures, P1 and P2, are measured by the two mi-
crophones located upstream from the material to extract the frequency
dependent experimental reflection coefficient Rexp

r(f) (where f is the
frequency). In the transmission problem, Fig. 1(b), the four acoustic
pressures, P1, P2, P3, and P4, are measured by a pair of microphones
located upstream and downstream from the material to obtain the ex-
perimental reflection and transmission coefficients Rexp

t(f) and Texpt(f)
assuming the sample is symmetric.

The experimental setup is depicted in Fig. 1(c). The diameter of the
impedance tube is dt=3 cm. The experimental data are acquired with
an excitation of 3000 sine functions equally spaced between 20 Hz and
6000 Hz. Four 1/4 in. microphones are flush mounted, connected to a
spectral analyser and measure the acoustic pressure. Each measurement
is averaged 30 times to obtain the transfert function between the mi-
crophones. The aerogel samples are presented in Fig. 1(d).

2.3. Retrieval procedure: multiobjective optimization

Decisions on optimal design in many scientific or engineering areas
require a compromise between different objectives (or cost functions).
It is therefore natural to look for the best solution to each of these cost
functions. However, an improvement in one of the cost function can
lead to a deterioration in the other ones if some cost functions are
conflicting with the other. The absence of a single optimal solution is
effectively a difficulty. Multiobjective optimization problems enable to
avoid this issue. The optimal solution consists in a set Θp named Pareto
set [25]. The main characteristic of this set is that none of these ele-
ments are better than the others for some of the objectives. This means
that all solutions are optimal in some sense.

In this Section we define the cost functions that are minimized by
the multiobjective algorithm to retrieve the viscoelastic parameters of
the aerogel plates, as well as the criteria chosen to identify the best
solution and analyze the Pareto set. For the optimization problem, our
approach is based on the use of evolutionary algorithms, which enable
the simultaneous generation of several elements of the Pareto set in
parallel and in a single run. Among these evolutionary algorithms, ge-
netic algorithms, which are inspired by biological evolution (crossover,
mutation, recombination and selection), are used [26]. The individuals
of the genetic algorithm are coded by chromosomes of the form, (ρ, ν,
Er, η). An initial population (a set of possible solutions) evolves by
applying genetic operators that combine the characteristics of some of
the individuals of the population. At each iteration, the population
changes and adapts to converge to the optimal solution Θp.

2.3.1. The cost functions
To retrieve the viscoelastic properties of the aerogel plate, two cost

functions are defined. The two objective functions J1 (transmission
problem) and J2 (reflection problem) are composed of the L2 norms of

the differences between the experimental and theoretical acoustic re-
flection and transmission coefficients over a range of frequencies cen-
tered on the resonance frequency system considered,
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where Rexp
t, Texpt (Rmod

t, Tmod
t) are the experimental (respectively

modeled) reflection and transmission coefficients in the transmission
problem, and Rexp

r (Rmod
r) is the experimental (respectively modeled)

reflection coefficient in the reflection problem. In the summations
f1= 1124 Hz and f2= 2324 Hz. Each experimental coefficients were
measured several times to check the measurement repeatability. The
mechanical properties of the silica aerogel plate being independent of
the length of the backing cavity, we chose without loss of generality and
for convenience of our experimental setup, the gap thickness
Lgap=0.5 cm for the reflection problem (see Fig. 1(a)).

2.3.2. Solutions: Pareto front
Fig. 2(a) shows the Pareto fronts of optimization procedure results.

Each open circle in the Pareto front represents a solution with a dif-
ferent set of parameters {ρ, ν, Er, η}. The position of the solution in the
Pareto front provides information on the accuracy of the retrieval
procedure by using the two configurations previously described. The
range of variation of the cost function J2 is smaller than that of J1 (see
Fig. 2(a)). Therefore, the parameters are less sensitive to the reflection
problem than to the transmission problem. In order to compare their
accuracy, three solutions are given in Table 1. These three solution are
respectively highlighted in the Fig. 2(a) with blue, red and green circles.
Among all the solutions, the point (J1, J2)= (1.027, 6.308) [(J1,
J2)= (3.077, 5.786)] represents the best [wrong] solution for the ob-
jective J1, i.e. for the transmission problem, and the worst [best] so-
lution for the objective J2, i.e. for the reflection problem. We can clearly
see in Fig. 2(b,c) [Fig. 2(f,g)] that the differences between the reflection
and transmission coefficients obtained for the transmission [reflection]
problem are smaller than the ones obtained for the reflection [trans-
mission] problem for this solution. The corresponding estimated para-
meters are summarized in the Table 1. The retrieval procedure provides
relatively identical values of {ρ, Er, η} at both points. This means the
transmission problem is enough to estimate these three parameters. In
order to estimate ν, the multiobjective optimization procedure ac-
counting additionally for the reflection problem should be considered.

In the opposite, the point (J1, J2)= (1.719, 5.924) represents the
solution with the minimal distance to the origin of coordinates, showing
that the differences between the theory and the experiments for both
problems are similar (see Fig. 2(d,e)). As a consequence, the criterium
to choose the best solution is based on the minimal distance to the
origin of coordinates, and this point is chosen as the solution of our
problem. The retrieved viscoelastic parameters are given in Table 1 and
their values are in agreement with others previously reported in the
literature [27;28].

In order to further support the viscoelastic parameters provided by
the optimization problem, results of reflection problems with different
values of the cavity thickness Lgap=[0.5, 1, 6.5] cm are compared to
measurements. Results of the absolute value and the phase of the re-
flection coefficients are respectively shown in Fig. 3(a) and (b). Con-
tinuous and dotted lines represent respectively the theoretical values
and experimental results respectively. The theoretical predictions and
experimental data are in good agreement, giving support to the vis-
coelastic parameters estimated by the proposed optimization procedure
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and also validating both the measurement and the model approach.

3. Critical coupling condition and perfect absorption

The absorption properties of a system composed of the silica aerogel
plate is studied making use of the previously estimated viscoelastic
properties. The aerogel plate behaves as a viscoelastic clamped plate
with intrinsic losses. The combination of an elastic plate with a back
closed cavity, as shown in Fig. 1(a), can be analyzed as an open lossy
resonator. In this case, the resonator presents two types of losses, the
energy leakage of the open resonator and the intrinsic losses of the
system. Recently, the design of perfect absorbers for acoustic wave has
received an increasing interest [10;9;29;20;30]. The perfect absorption
(PA) condition (i.e. α=1, where α is the acoustic absorption coeffi-
cient) is related to the exact counterbalance between the energy leakage
of the system and the dissipated energy by the inherent losses [20],
which is known as the critical coupling condition. In this Section we
show the efficiency of systems based on silica aerogel plates to perfectly
absorb the acoustic energy.

In order to provide insights to the perfect absorption process, the
reflection coefficient of an aerogel plate backed by a closed cavity is
analyzed in the complex frequency plane for different cavity lengths.
The cavity length Lgap varies between 0.5 cm and 6.5 cm. In the present
problem, the eigenvalue of the scattering matrix reduces to the reflec-
tion coefficient. The measured reflection coefficient corresponds to the

one calculated along the real frequency axis. Therefore, the perfect
absorption condition occurs in the complex frequency plane when the
zero of the reflection coefficient crosses the real frequency axis [9;20].

Fig. 4(a), (b) and (c) show the reflection coefficient in the complex
frequency plane for the configuration with Lgap=[0.5, 1, 6.5] cm

Fig. 2. (a) Pareto front of the two objective functions J1 and J2. Big blue (red) [green] circle in (a) represents the Point 1 {2} [3] in Table 1. The reconstructed
reflection and transmission coefficients for the transmission problem for this solution are shown in (b) {(d)} [(f)] while the reconstructed reflection coefficient for the
reflection problem is shown in (c) {(e)} [(g)]. Full lines represent the theoretical coefficients while dotted lines represents experimental results. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Optimal aerogel mechanical parameters of the three selected points in Fig. 2.

ρ ν Er η

(kg·m−3) (k Pa) (10−6)

Point 1 80 0.09 197.51 4.19
Point 2 80 0.12 197.92 4.47
Point 3 80 0.17 197.99 4.50

Fig. 3. Comparison of the experimental reflection coefficient (circles) and the
reconstructed reflection coefficient (solid lines) [Rexp

r, Rmod
r] for the back

cavity length Lgap=[0.5, 1, 6.5] cm [red, blue and green lines and symbols
respectively]. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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respectively. For these three configurations, the zero of the reflection
coefficient shifts at low frequencies when cavity length increases and,
more importantly, it stands on the real frequency axis. Moreover, the
zero of the reflection coefficient of each of these configurations is lo-
cated exactly on the real frequency axis (red crosses in Fig. 4(a),
meaning that all these configurations present perfect absorption. It is
remarkable that the frequency at which perfect absorption is obtained is
tunable in a broad range of frequencies by tuning Lgap.

Perfect absorption was experimentally verified. Red and blue da-
shed lines in Fig. 4(d) show the theoretical reconstructed predictions
and the experimental results respectively. We can see that the fre-
quency at which perfect absorption is obtained corresponds to the si-
tuation in which the zero of the reflection coefficients is located on the
real frequency axis. The agreement between the theory and the ex-
periments is very good and makes aerogel plate backed by a closed
cavity as an innovative artificial structures for acoustic absorption
purpose.

4. Summary

A novel signal processing method for retrieving the viscoelastic
properties of a silica aerogel clamped plate is presented. This method is

based on a genetic algorithm optimization with two objective functions
resulting from two acoustic configurations, a reflection problem and a
transmission problem in an acoustic impedance tube. The two objective
functions are composed of the L2 norms of the differences between the
experimental and modeled acoustic problems around the plate re-
sonance frequency. The estimated aerogel viscoelastic properties are
ρ=80 kg/m3, ν=0.12, Er=197.92 kPa, η=4.47 10−6. These values
are close to those previously reported in the literature. The main ad-
vantages of the present method is that the aerogel silica sample is un-
damaged and due to the genetic algorithm process the estimated vis-
coelastic properties satisfy identically the transmission and reflection
problems in the audible frequency range. Once the viscoelastic prop-
erties of the silica aerogel plate are characterized, the perfect absorp-
tion condition (i.e. α=1, with α is the acoustic absorption) is derived
for a system consisting in an aerogel plate backed by a rigid cavity. It is
shown that such a system possess the ability to perfectly absorb sound
over a wide range of cavity length, and therefore over a wide range of
possible frequency. The absorptive properties of aerogel are encoura-
ging and can be applied to design more complex artificial structures
(metasurfaces) for the broadband absorption of sound.
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