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This letter reports a folded metaporous surface optimized to achieve subwavelength and broadband perfect absorption.
Their unit cell is composed of four different helicoidal cavities filled by porous media which are structured and quasi-
isotropic micro-lattices with variable lattice constant. The effective thickness and intrinsic losses of each helicoidal
cavity can be adjusted independently by varying their macro and micro-structures, namely the number of revolution of
the folded structure and the lattice constant of the micro-lattice. An analytical model predicting the physical properties
of this metaporous surface is developed. The macro and micro-structures are then jointly optimized for sub-wavelength
broadband perfect absorption. Finally, the system is 3D printed and experimentally tested. The experimental results are
found in good agreement with the theory and show an almost perfect absorption over a frequency range out of reach for
the homogeneous constitutive porous medium and the only helicoidal cavities.

In many practical applications, acoustic treatments are con-
strained to be thin to limit their associated bulk and mass.
The downside is that it conflicts with the broadband absorp-
tion/attenuation of low and medium-frequency noise. Indeed,
the first resonance frequency fo of most acoustic treatments
relying on Helmholtz (HR) or quarter-wavelength resonators
(QWR) such as liners is inversely related to their effective
acoustic thickness L, i.e., the effective distance over which
the pressure wave propagates. For example, fo of a L,-thick
straight QWR corresponds to a wavelength A = 4L, when no
losses are accounted for.

Open-cell porous layers form another class of widely used
acoustic treatments. Their ability to operate as broadband
acoustic absorbers is well established. However, their low
and medium-frequency efficiency is limited by their thickness
and their intrinsic loss mechanisms'. As the sound speed is
smaller in porous materials than in air, the so-called "quarter-
wavelength resonance" of such layer is slightly shifted to-
wards lower frequencies in comparison to that of an air-
filled QWR and A = 5L, is usually observed for a fibrous
layer?>. Open-cell porous materials can be 3D printed al-
lowing the control of their microstructure and the tunning
of and their macroscopic properties>®. An efficient way to
tackle the absorption of wavelengths many times larger than
the thickness of the treatment consists in folding its constitu-
tive elements’®. The equality between the effective acous-
tic thickness L, and the bulk treatment thickness L, is lifted
and L, > L, shifting down the corresponding resonance fre-
quency while maintaining the treatment thickness. First ex-
perimental and theoretical explorations were carried out on
folded aeronautic liners'®!!. Models and geometries are still
under development’®. More recently, the folding concept
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has been revisited to design notably acoustic metamaterial ab-
sorbers in the low-frequency range®. Folding the geometry of
the acoustic treatment elements helps in increasing the den-
sity of states at low frequencies. However, perfect absorption
requires in addition to match the impedance of the acoustic
treatment with that of the surrounding medium. The energy
leakage of the acoustic treatment to the surrounding medium
must be perfectly balanced by its inherent losses to satisfy
this condition, also known as critical coupling condition'?.
Recently the concepts of folding and critical coupling have
been combined to design sub-wavelength perfect absorbers,
based on folded QWR!3, HR', or other type of resonators'>.
However, the absorption bandwidths of this kind of perfect
absorbers are narrow due to the high quality factor of their
resonances. Therefore combining a collection of detuned ele-
ments can lead to broadband perfect absorption .

The concept of metaporous surface!” relies on the embed-
ding of resonant elements'®2! to enhance the density of state
at low-frequency of a porous layer to achieve broadband and
low-frequency absorption. The low-frequency absorption of
the metaporous surface is higher than that of the single porous
layer. The opposite approach, followed in this letter, consists
in using properly designed porous materials to enhance the
absorption of folded metamaterials.

In this work, we theoretically and experimentally report
folded resonators filled with 3D printed open-cell porous ma-
terials, the resulting low quality factor resonances of which
being critically coupled at normal incidence. Four different
folded porous media (FPM) working at different frequencies
are designed and assembled in a metaporous surface (MpS)
presenting a broadband quasi-perfect absorption at normal in-
cidence for 5.6L, < A < 9.9L,. The MpS is mounted in a
square waveguide of width W = 41.9 mm with a rigid back-
ing and excited by a normal incident plane wave to mimick
an infinite periodic acoustic treatment?2. This configuration is
analytically modeled by the transfer matrix method inside the
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FIG. 1. Diagram of the MpS. (a) Schematic of parallel assembly of four FPMs of different £ filled by MLs of different /F. (b) Single FPM,
& =1, impervious structure. The gold arrows represent the circular helix of mean acoustic path of length L,. (c) Impervious structure of a
FPM analytical model simplification. (d) FPM filled by the ML, detail view. (e) FPM analytical model simplification detail view. (f) ML

idealized micro-structure. The box delimits a unit cell.

FPM coupled with a Bloch wave decomposition outside the
MpS in order to account for the possible coupling between the
FPM. This analytical model is used to calculate the reflection
coefficient of the MpS. The MpS geometry is then optimized
to maximize its absorption coefficient over a broadband fre-
quency range by critically coupling each FPM. The optimized
MpS is 3D printed and experimentally tested. Experimental
results are in good agreement with both the analytical results
and by Finite Element Method (FEM) numerical simulations.

A schematic of MpS is shown in Fig. 1(a). It consists of
four impervious folded helicoidal structures, inspired from
Refs. [23 and 24], filled with different porous materials. The
FPMs are labeled as shown in the Figs. 1(a) and 2(b)(c), their
relative position is important.  To create a FPM, a Greek
cross of width C/+/2 is run along the vertical (0,z;) axis
over an helix, generating a 4 branch helicoid. The later is
then encapsulated in a square cuboid of height L, and width
C =W /2, see Fig. 1(b). Other folding strategies could be ap-
plied. The main advantage of this strategy is that the folding
of each FPM can be done independently of that of the other
FPMs: the FPMs are not tangled together. The number of rev-
olutions operated by the helix over the height L, is denoted &.
The generated helicoidal cavities are then filled with a homo-
geneous anisotropic porous material as depicted in Fig. 1(d)
creating the FPM. The pressure waves propagate along an he-
lical mean path depicted by the gold arrows in Fig. 1(b) with
alength L, > L.

The considered filling porous material is the micro-lattice
(ML) depicted in Fig. 1(f) composed of a superposition of
parallel fibers orthogonally alternating in the (O, y1,21) plane.
Each fiber is a combination of two filaments of diameter
D = 200 um merged with one another in the (0, z;) direction.
The distance between two micro-layers in the (0,2 ) direction
is 0.9D to guarantee the bonding between filaments. Then, the
representative unit-cell consists in the junction of two orthog-
onal fibers as highlighted in Fig. 1(f). It is described by two
micro-structural parameters: the filament diameter D and the
spacing between two adjacent fibers in the (O,x1,y1) plane,
i.e., the lattice constant AD where A > 1. The pore size is
defined here as the minimum distance between two adjacent
fibers. In the z; direction, the pores are square and the pore

“'Build plate

FIG. 2. Pictures of optimized and 3D printed MpS. (a) Single FPM
being 3D printed. (b) Lateral and (c) top view of MpS.

size is equal to H = D(A — 1). In the x; and y; directions, the
pores are rectangular and of size H x 1.8D. Thus, the medium
is structured, periodic and quasi-isotropic. The manufactur-
ing variable that regulates the lattice constant is the "infill fac-
tor" IF, which can only take integer percent values. The rela-
tion between the infill factor /F and lattice constant is simply
IF (%) = 100/A.

The FPM are made by the Fused Deposition Modeling
(FDM) additive manufacturing technique: the printer suc-
cessively adds micro-layers made of extruded filaments on
top of each other. The extruded material is polylactic acid
(PLA). A 400 um diameter nozzle manufactures the impervi-
ous structure and a 200 um diameter manufactures the ML.
A 1 mm thick solid layer is added at the bottom of the FPM
to guarantee that they are rigidly backed. The four FPMs are
printed separately and then assembled with vacuum grease on
their external walls. Pictures are shown in Fig. 2 illustrating
the manufacturing of a FPM (a) and the assembled MpS (b).
Supp. mat. gives more information about the manufacturing
process.

The skeleton of the porous medium, i.e., the ML is rigid
enough to be assumed motionless. The porous medium can
thus be modeled as an equivalent fluid'. It accounts for vis-
cous and thermal losses occurring inside the porous medium
through its equivalent complex and frequency dependent den-
sity p and bulk modulus K. An equivalent quasi-isotropic
fluid implies that K is scalar while p is a 3 x 3 diagonal ma-
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trix in the (O,Xq,y1,21) frame where pyx, = Pyy, # Pryz-
According to the well-known Johnson-Champoux—Allard—
Lafarge (JCAL) model®, the expression of the equivalent
fluid properties can be approximated by means of six parame-
ters related to the porous medium micro-structure in the case
of isotropic media®® and nine parameters in the case of the
considered quasi-isotropic medium?® (see supp. mat.).

The lattice constant, governed by the /F in practice, directly
influences the ML micro-structure and consequently its equiv-
alent fluid properties. In particular, reducing the lattice con-
stant, i.e., stepping the IF up, increases the intrinsic losses of
the ML. The JCAL parameters dependence on the IF of the
ML were obtained by a two scales asymptotic homogeniza-
tion method?’2? combined to the inverse characterization®® of
a set of eight homogeneous samples followed by an interpola-
tion over the IF range®. The JCAL parameters of the charac-
terized samples along with their interpolation (/F € [3;60]%)
are presented in the supp. mat.

The MpS will be placed in a rigid backing configuration
inside a square cross section waveguide and excited by a nor-
mal incidence plane wave. The walls of the waveguide act
as mirrors for the pressure waves, a periodic pattern of MpS
is then virtually created. Therefore, an infinite wall covered
by a periodic distribution of the MpS will be evaluated. This
configuration is first theoretically and numerically studied.

The analytical model does not account for the complex ge-
ometry of the FPM. Instead, each FPM of height L;, and of
cross sectional surface C? is approximated as a quadruplet of
straight QWR filled by porous media. They are of normal
axis (0,z), of thickness L,(&) > L, and of square cross sec-
tion Q*(&) < C?/4 (see Fig. 1(c). For geometrical reasons
and because the ML is quasi-isotropic, the principal direction
21 of the ML filling the QWR forms an angle  with z around
(0,y) = (0,y1) (see Fig. 1(e) in the analytical model. The
latter uses a transfer matrix formulation adapted to anisotropic
media3! for the propagation in the porous-filled QWR and a
modal decomposition method considering Bloch modes in the
surrounding air. Bloch waves account for the possible evanes-
cent coupling between the different FPM in the MpS. From
the numerical point of view a full wave numerical simulation
by FEM with the real geometry is used. Further information
is given in the supp. mat.

In both models, the MLs are represented by quasi-isotropic
equivalent fluids defined by the JCAL model with the param-
eters obtained from inverse characterization. The walls of the
structures are perfectly impervious and smooth and their in-
duced losses are not accounted for>2, Validation tests have
shown, on the one hand, that the analytical model leads to very
accurate predictions of the simplified geometry. On the other
hand, the simplification of a FPM by a quadruplet of QWR
leads to slight shifts of the absorption coefficient in compari-
son to FEM predictions that grows with frequency.

The analytical model is used to optimize the geometry of
a L, = 30 mm thick MpS to produce perfect absorption over
a broadband frequency range. The optimization procedure,
based on an iterative Nelder-Mead algorithm, aims to maxi-
mize the absorption coefficient in a targeted range of frequen-
cies. To do so, the optimal folding of each FPM, governed

by their &, and their associated ML, governed by their IF
are optimized. During the optimization, and for manufac-
turing reasons, IF is restricted to integer values comprised
between 3% and 60%. & is restricted to two digits values
comprised between 0 and 2. To help the algorithm finding
the absolute minimum of the problem, the starting & values
were chosen such that L,(&;) ~ A;/5 with A; the wavelength
in air corresponding to the targeted frequency of the FPM i.
The absorption coefficient o is maximized over the frequency
range f = [1150;2000] Hz by maximizing a cost function
J =Y a(f). Fourteen frequencies are considered with a lin-
ear spacing. The high frequency limit was chosen so that the
highest frequencies of the bandwidth are managed by a & =0
FPM. The low-frequency limit used in this work allows a good
balance between the absorption plateau frequency width and
the height of its ripples. The analytically optimized MpS
has the following parameters: [{&;,1F;(%)}] = [{1.67,3},
{1.28,10}, {0.72,36}, {0,36}] i = 1,2,3 and 4. The corre-
sponding JCAL parameters are presented in Tab. I. Experi-
mentally, for i = 1 the optimization gave the value IF = 3%.
However, this value is problematic as it corresponds to a lat-
tice constant AD = 6.7mm ~ C/3. Each folded cavity of this
FPM should contain a single fiber per cross section. This
ML is then not anymore an homogeneous porous material and
its induced losses are comparable to those of the impervious
walls, neglected in the models. Then, this ML is omitted dur-
ing the manufacturing, i.e., {1.67,3} is replaced by {1.67,0}.

The absorption coefficient of the optimized material is pre-
sented in Fig. 3. The green continuous line corresponds to
the analytical results and the black continuous line shows the
numerical predictions. The FEM predicts ot (f) > 0.96 Vf €
[1160; 2060] Hz i.e., 5.6L, < A < 9.9L;, and & = 0.98. The
four absorption maxima are equal to 0.99 or 1.00 correspond-
ing to the critical coupling condition for each of the FPM.
The correlation between the analytical results and the numer-
ical predictions is very good, with a slight absorption shift
(6o = 0.01) between 1500 and 2000 Hz mainly due to the
simplification of the geometry in the analytical model. The
measurement (depicted in supp. mat.) is in agreement with
the theoretical predictions but the absorption is lower than ex-
pected between 1250 and 1700 Hz (6 = 0.07). This fre-
quency range corresponds to the absorption maxima of the
second (i = 2) and third (i = 3) FPM. Perfect absorption oc-
curs when the losses exactly compensate the leakages of the
structure'2. If the absorption is not perfect at the frequency
of a maximum of absorption, it means that the associated
losses are either too large or too small. Experimental inves-
tigations have shown that associated losses of the second and
third FPM are too large experimentally, probably because the
losses induced by the walls are neglected in the theoretical
models. Then, another MpS was fabricated with reduced IF
of such FPM, i.e., with reduced inherent losses. The new
MpS presents IF>(%) =7 and IF3(%) = 20. This corresponds
to a relative increase of 3% and 4% of the porosity respec-
tively. The absorption coefficient of this new MpS is depicted
by the red crosses and a(f) > 0.96 Vf € [1155; 2140] Hz,
ie., 5.3L, < A <9.9L;, and & = 0.98 is observed. The four
absorption maxima are equal to 0.99 or 1.00 and are found
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logarithmically spaced in frequency as expected from [16]
to achieve the mode density leading to a constant adapted
impedance. The measured absorption is then in very good
correlation with the theoretical predictions and slightly higher
than expected above 2140 Hz. The optimization procedure fo-
cused on maximizing the absorption in f € [1150;2000] Hz.
Above 2000 Hz, the absorption is not controlled and oscillates
between low and high values. These high values are due to the
harmonics of the FPMs. Conversely, the absorption deep be-
tween 2000 Hz and 3350 Hz comes from the absence of fun-
damental and of harmonic resonances in this frequency range.
The absorption can be brought close to unity above 2000 Hz
and until a very high frequency by increasing the number of
resonators composing the MpS and tuning their resonances
at frequencies for which the modal density is low in the pre-
sented configuration!®. Increasing the number of elements de-
creases the percentage of surface of the MpS covered by each
element and decreases the absorption peaks amplitude. This
can be compensated by a porous layer added on top of the
MpS flattening the absorption dips'®3334,

To highlight the crucial role of the MLs, that of the opti-
mized MpS are replaced by air. The treatment is simulated
analytically in the same way as the MpS but the Stinson’s
model® is used to account for the losses inside the cavi-
ties. The air filled cavities are then simulated as four L, (&)
height quadruplets of QWR of hydraulic radius Q(&)//7.
The losses of such air-filled QWR are not optimal, they do not
compensate the leakages. The losses are only induced by the
folded geometry and thus by &. The analytically computed ab-
sorption coefficient of the air-filled folded material is depicted
by green dashed line in Fig. 3. The absorption maxima are
sharp and there is no absorption plateau close to unity. More-
over it is worth noting here that a single FPM produces an
absorption peak at longer wavelength than an homogeneous
ML with the same L at the cost of a narrower absorption fre-
quency width (Fig. 3, blue and purple dashed lines). However,
the quality factor of the absorption peak of the FPM is much
smaller than that of the QWR filled with air. This is the fun-
damental reason that explains the broadband character of the
designed MpS in this work.

In this work, a folded metaporous material for sub-
wavelength and broadband perfect absorption of sound is
theoretically and experimentally reported. The metaporous
material consists in the assembly of several FPM possessing
sub-wavelength low quality factor resonances. The geom-
etry of each FPM is optimized in order to present perfect
absorption at particular frequencies within a target frequency
range. Therefore the micro-lattice of the FPM is optimized to
present the perfect balance between the inherent losses and
the leakage of the resonator, giving rise to the critical coupling
condition and as consequence to the perfect absorption. An
analytical model combining the modal decomposition and
the transfer matrix method as well as a full wave numerical
model are used to theoretically study the system. The
analytical model is used to optimize the geometry for perfect
absorption of sound at normal incidence for noise having a
wavelength in air such that 5.6L, < A < 9.9L,. Relatively
longer wavelengths could also be perfectly absorbed at the

MpS ML QWR
. fo™" fo fo
= 0.8F
=
R
2
=
o 0.6f
=}
57
=
2
2.04f
o /, - = =Homogeneous micro-lattice, IF(%) = 55
2 ; == =FPM, {§, IF(%)} = {1,27}
< 02 — Analytical model, optimized MpS
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+ Measure, optimized MpS corrected
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FIG. 3. (color online) Rigid-backing normal incidence absorption
coefficient of L, = 30 mm thick materials. Critically coupled: ho-
mogeneous ML (blue dashed line) and & = 1 single FPM (purple
dashed line). Simulation of the optimized MpS: analytical model
(green solid line), FEM model (black solid line). Measurement of
optimized MpS with adjusted /F (red crosses). Analytical simula-
tion of the optimized MpS replacing the MLs by air (green dashed
line). The fy marks highlight the frequency of the first absorption
maximum of a 30 mm thick QWR filled by air, ML and MpS.

cost of narrower bandwidth. The structure is fabricated by
3D printing techniques showing very good agreement with
the theoretical results. Unlike folded liners, air-filled QWR
or HR, the losses of the introduced treatment are governed by
a porous material. In this way, the losses of the treatment are
independent of its impervious folded structure.

DATA AVAILABILITY

The data that supports the findings of this study are avail-
able within the article and its supplementary material.

SUPPLEMENTARY MATERIAL

The Supplementary Material of this Letter gives further in-
formation about the equivalent fluid JCAL model and the vari-
ation of the JCAL parameters with respect to the /F, the man-
ufacturing process, the numerical and analytical models in-
cluding the geometry simplification of the FPMs process and
finally the measurements.
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