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Natural sonic crystal absorber 
constituted of seagrass (Posidonia 
Oceanica) fibrous spheres
L. Barguet1,3,5, V. Romero‑García1, N. Jiménez2, L. M. Garcia‑Raffi3, V. J. Sánchez‑Morcillo4 & 
J.‑P. Groby1,5*

We present a 3‑dimensional fully natural sonic crystal composed of spherical aggregates of fibers 
(called Aegagropilae) resulting from the decomposition of Posidonia Oceanica. The fiber network is 
first acoustically characterized, providing insights on this natural fiber entanglement due to turbulent 
flow. The Aegagropilae are then arranged on a principal cubic lattice. The band diagram and topology 
of this structure are analyzed, notably via Argand representation of its scattering elements. This fully 
natural sonic crystal exhibits excellent sound absorbing properties and thus represents a sustainable 
alternative that could outperform conventional acoustic materials.

Complex biological structures usually result from the adaption of living bodies to their environmental con-
straints. These structures generally ensure several functionalities in  nature1. Very few of them are the result of 
natural dynamic processes involving organic waste, apparently formed for no particular reason and without 
ensuring any specific functionality. Aegagropilae such as Posidonia balls are the archetype of these organic 
structures. They are natural spherical aggregates formed by entangled fibers as a result of the decomposition of 
Posidonia Oceanica, as shown in Fig. 1a. This marine plant is endemic of the Mediterranean sea and forms large 
underwater meadows that are of particular importance for the marine ecosystem. Aegagropilae can be easily 
collected on Mediterranean sea cost. Since the pioneer work of  Cannon2, which first showed the formation of a 
Aegagropilae from fibers in a washing machine tray and thus attributed the entanglement process of the Posidonia 
leaves to the turbulent flow created by the sea motion, the fully natural formation process of Aegagropilae has 
been widely  investigated3, 4. The study of Aegagropilae fiber network is indeed relevant for green manufacturing 
process of paper, felt or non-woven textile. Recently, Verhille et al.5 indirectly studied this formation process by 
assessing the structure and mechanical properties of a large number of hand-collected Aegagropilae. Acoustic 
characterization also appears as a complementary and efficient tool to assess the fibrous network structure and 
possibly the entanglement process of Aegagropilae fibrous network. Currently, Aegagropilae fibers are used to 
produce sustainable nano-composite6, but no direct application has been found yet to fully natural Aegagropilae.

While photonic structures have been proven to exist in several natural  systems7, 8, most of the sustainable 
acoustic or elastic metamaterials are either man  modified9 or bio-inspired10, 11. Very  recently12, the first natural 
ultrasonic metamaterial was reported. Some moth species evolve wings covered with scales that reduce ultrasonic 
echoes to avoid bat predation. The structure, efficient in the ultrasonic regime, cops with only one of the two 
(symmetric and antisymmetric) problems necessary to achieve perfect absorption in transmission problem, thus 
reaching 0.7 absorption. We therefore propose a fully natural organic sonic crystal composed of Aegagropilae, 
taking advantages of their almost spherical geometries, as a complement in the audible frequency range to the 
first natural acoustic structured materials.

Phononic or sonic crystals are periodic arrangements of scatterers allowing the control of acoustic or elastic 
waves in an unprecedented way. A number of applications of sonic crystals have been proposed, such as acous-
tic  filters13, 14  waveguides15, wave  traps16,  lenses17, 18, sound  diffusers19, and acoustic barriers for traffic noise 
 attenuation20. Most sonic crystals are thus composed of rigid scatterers embedded in air. Phononic crystals con-
stituted of poroelastic spheres have been lately studied numerically when immersed and saturated by water and 
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their insulation and absorption efficiencies were  estimated21. Nevertheless, the contributions of the viscothermal 
losses of the wave which propagates mainly in the fluid phase and of the viscoelasticity of the poroelastic skeleton 
to the global system dissipation have not been analyzed independently of each other. The proposed fully natural 
organic sonic crystal is constituted of dissipative and soft-porous spheres, the fiber network micro-structure of 
which is assessed in this article via acoustic characterization, see Fig. 1b. The spherical Aegagropilae are periodi-
cally arranged on a principal cubic lattice in air, as shown in Fig. 1c. The skeleton is also considered motionless, 
thus allowing to only account for the slow wave, i.e., the Aegagropilae fiber network is modeled as an equivalent 
fluid and only waves propagate in the fluid phase. In this way, only the effect of viscothermal losses are studied.

The present article addresses several issues. First, we use acoustic methods to characterize the Aegagropilae 
fiber network and assess its micro-structure. Second, a fully natural dissipative and soft sonic crystal consti-
tuted of Aegagropilae arranged over a principal cubic system is analyzed both experimentally and numerically 
in terms of band gaps translation. Third, the acoustic behavior of this fully natural sonic crystal is analyzed via 
the Argand diagram of both the reflection and transmission coefficients, enabling a novel way to explore the 
structure topology and the absorption efficiency. Aegagropilae fiber network sonic crystals are shown to be fully 
natural and highly efficient sound absorbing structures and thus sustainable alternatives that could overcome 
conventional acoustic materials.

Results
Aegagropilae were collected in the mediterranean coastal village of Daimús (Spain). Nearly 50 almost spherical 
samples were cautiously collected in the morning and by hands to avoid any bias caused by human activities. 
They were selected after preparation based on their diameter and split into two categories: 15 samples were used 
for the fiber network acoustic characterization and 15 samples were considered to realize the 2-dimensional 
man modified sonic crystal (see Supplementary information) and the fully natural 3-dimensional sonic crystal.

Acoustic characterization of the Aegagropilae fiber network and micro‑structure assess‑
ment. Cylindrical samples of 30 mm in diameter, the thickness of which ranging from 12 to 14 mm , e.g. as 
depicted in Fig. 2a, were cut from the core of the first 15 Aegagropilae (see Methods). The outward shell built on 
a compaction process, where weak orthoradial excess in fiber orientation was  noticed5, is thus not considered 
here. These 15 samples were acoustically characterized following the procedure described in Ref.22 in a 4 micro-
phone circular cross-sectional impedance tube (see also Methods) in both the direct and reverse orientations to 
ensure their quasi-homogeneity (symmetric and reciprocal samples). The approximated thickness of ≈ 10 mm , 
was determined empirically to ensure the symmetry of the sample, i.e., identical reflections for both orienta-
tions, thus ensuring the homogeneity of the sample. Two samples were found inhomogeneous because of the 
presence of a inner macro-scale heterogeneity and were rejected. The 13 remaining samples were weighed via an 
analytical balance in order to determine their densities. The acoustic behavior of the Aegagropilae fiber network 
is assumed to be well described by the Johnson–Champoux–Allard–Lafarge  model23, 24 (see Methods), which is 
commonly used for fibrous material. These samples have thus been considered as equivalent fluids with a com-

Figure 1.  Aegagropilae (a) and its model as a porous sphere (b). (c) Principal cubic arragement of Aegagropilae 
used to construct the fully natural 3D sonic crystal. (d) Reduced model used for the scattering measurement in 
the impedance tube at normal incidence.
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plex and frequency dependent density and bulk modulus. They are described by the porosity φ , the tortuosity, 
α∞ which provides information on the fiber entanglement, the viscous and thermal characteristic lengths � and 
�′ which provide averaged values of respectively the minimum and maximal distances bewteen the fibers within 
the network, and viscous and thermal permeabilities k0 and k′0 . Figure 2c–g depicts the reconstructed parameters 
in function of the reconstructed porosity φ for the 13 samples. The measured density as a function of φ is also 
depicted in Fig. 2h and is found in good correlation with the porosity.

As a first approximation, the samples were assumed to be constituted of infinitely long fibers perpendicular 
to the sample height and arranged on a square lattice. Under this assumption, analytic formulae of the 5 param-
eters q =< α∞,�,�′, k0, k

′
0 > are provided for φ > 0.6 in Ref.25. These expressions depend on the fiber radius 

a and porosity φ which equals 1− πa2/l2 , where l is the lattice size of the fiber arrangement. Minimizing in 
the least square sense the difference between the measured parameters qmeas and q(a, l) provides l ≈ 130 µm 
and a = 29 µm which are qualitatively in accordance with the stereo microsopic (Olympus SZ61) image of the 
fibers shown in Fig. 2b. The corresponding results are plotted (blue curves) in Fig. 2c–g. Nonetheless, it is clear, 
notably from Fig. 2c, that the acoustic parameters of the Aegagropilae fiber network do not follow this simple 
model thus implying a more complex arrangement of the fibers.

Therefore, we propose another model, based on the homothetic transformation assuming the solid volume 
over the Representative Elementary Volume (REV) of volume V is constant. Introducing a compression/dila-
tion rate η = Vi/V = (1− φ)/(1− φi) from an initial state, indicated by the exponent i, to another one and 
referring to Ref.26, the tortuosity reads as α∞ = 1− η(1− αi

∞) . Referring to the definition of the thermal char-
acteristic length, which is a purely geometric parameter and assuming that the pore surface is constant over the 
transformation, �′ = φ/(φiη)�′i . A similar trend is inferred for the viscous characteristic length thus providing 
� = φ/(φiη)�i . As far as it concerns the viscous permeability, Carman-Kozeny27 proposes k0 = ζa2Hφ/α∞ , 
where ζ is a shape factor assumed constant during the transformation and aH is the hydraulic radius which 
correspond to �′ . Therefore, we propose k0 = (�′/�′i)2φαi

∞/(φiα∞)ki0 and a similar trend is inferred for the 
thermal permeability thus providing k′0 = (�′/�′i)2φαi

∞/(φiα∞)k′i0  . Again, minimizing in the least square 
sense the difference between the measured parameters qmeas and q(φi ,αi

∞,�i ,�′i , ki0, k
′i
0 ) provides the follow-

ing parameters of the initial state: φi = 0.84 , αi
∞ = 1.23 , �i = 63 µm , �′i = 124 µm , ki0 = 8.52× 10−9 m2 , 

and k′i0 = 12× 10−9 m2 . The corresponding results are plotted (red curves) in Fig. 2c–g and are found in better 
agreement than those obtained assuming a periodically aligned arrangement of fibers. In particular, the tortuosity 
value is now in much better agreement, thus implying a complex entanglement of the fiber during the formation 
of the Aegagropilae fiber network. The most often encountered porosity is 0.86. Therefore, the acoustic simula-
tions of the fully natural 3-dimensional (and of the 2-dimensional man modified) sonic crystal were performed 
with the acoustic parameters reported on Table 1 and marked by a circle in Fig. 2c–g . These values are quite in 
accordance with usual values encountered for manufactured fibrous materials such as mineral wool, accounting 
for the fact that the Aegagropilae fiber diameter is much larger.

These results apply several comments. The pore constrictions are around � ≈ 60 µm , while the pore radius 
�′ ≈ 120 µm , which is again consistent with the stereo microscopic image of the fibers Fig. 2b. The ratio between 
these two lengths is around 2 which is consistent with usual fibrous materials. The fiber arrangement is complex 
as testified by the large value of the tortuosity. Although the number of samples is not sufficient to develop a 
probability density function, acoustic characterization seems to be a simple and efficient tool to assess the micro-
structure of Aegagropilae fiber network.

Figure 2.  A picture of a sample is presented on (a), while a stereo microscopic image of the Aegagropilae 
fiber network is shown on (b). The tortuosity α∞ (c), viscous � (d) and thermal �′ (e) characteristic lengths 
and viscous k0 (f) and thermal k′

0
 (g) permitivities are shown in function of the porosity φ of the Aegagropilae 

fiber network. The markers are the experimentally recovered parameters, the dependency of each parameters 
are depicted in blue curves for the periodically aligned fiber model and in red curves for the homothetic 
transformation one. Open circles refer to the parameters that are used for the sonic crystal simulations. The 
density as a function of φ is depicted on (h) together with the linear approximation.
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Fully natural 3‑dimensional sonic crystal. Crystal manufacturing and testing. Half of the 15 remain-
ing natural Aegagropilae spheres were cut into four parts, resulting in quarter-spheres. Six Aegagropilae quarter-
spheres of radii 20± 1 mm are placed in a square cross-sectional impedance tube with side d

/

2 = 21.5 mm , 
their centers being separated by a distance d = 43 mm , see Fig. 1d. Double sided tape was used to ensure the 
correct boundary condition between the Aegagropilae quarter-spheres and the rigid walls of the impedance 
tube. As these rigid walls act as perfect mirrors, a perfectly periodic pattern is created in the perpendicular 
plane to the tube axis, i.e., in the (x1, x2) plane as depicted in Fig. 1d. Therefore, a finite depth perfectly periodic 
structure is created, composed of six layers incorporating spheres arranged over a square lattice in the (x1, x2) 
plane, thus mimicking a finite depth primitive cubic system with a filling fraction ff ≈ 0.4 . The reflection and 
transmission coefficients are measured via 4 flush mounted microphones for frequencies below the cut-off fre-
quency of the impedance tube, fc = c0/d ≈ 7900 Hz . Under this condition, the impedance tube modes exactly 
match the Bloch ones for normal incident plane wave. Note the cut-off frequency of the impedance tube exactly 
matches that of the Wood  anomaly28, which corresponds to the cut-on frequency of the higher order Bloch 
waves. It is also that of the second Bragg interference in this case. Effectively, the transmission coefficient is so 
low for frequencies higher than ≈ 7000 Hz , that the results are presented only for frequencies below this value. 
Nevertheless, the first Bragg interference is captured in the measured frequency range.

Scattering properties and dispersion relation. Figure 3a depicts the absolute value of the reflection and trans-
mission coefficients, |R| and |T|, as well as the absorption coefficient α = 1− |R|2 − |T|2 measured experimen-
tally and calculated by the Finite Element Method. This numerical model is validated against experiments and 
multiple scattering theory on the 2-dimensional man modified sonic crsytal in the Supplementary information. 
Note that |R| and |T| are different from the reflection and transmission coefficients in energy, i.e., |R|2 and |T|2 . 
Both measured and simulated coefficients are in good agreement assuming sphere radii of 19.5 mm and fiber 
network properties from Table 1. The discrepancies, notably noticed for the reflection coefficients are attributed 
to the variability of the radii of the quarter-spheres, of the acoustic properties of the natural fiber network, but 
also to the presence of the Aegagropilae outward shell. The acoustic influence of this shell is thus weak at these 
frequencies. The Bragg interference is clearly noticed around fB ≈ c0/2d ≤ 3950 Hz , as highlighted by the grey 
regions. While Bragg interference is usually associated with a band gap, preventing the propagation of acoustic 
wave, therefore leading to a minimum transmission, the weak impedance contrast between the soft Aegagropilae 
spheres and the air medium almost prevent the band gap translation in the transmission coefficient (see also 
Supplementary information). Only a smooth drop is revealed in the transmission coefficient. In the opposite, the 
reflection coefficient presents a peak associated with the Bragg interference, which testifies that destructive/con-
structive interference occurs. The quasi absence of band gap is also confirmed by the dispersion relation depicted 
in Fig. 3b,c. The real part of the wavenumber does not present even a change of slope close to the Bragg interfer-
ence, when Re(kd) = π . Note the value of the first Bragg frequency fB ≈ 3500 Hz is lower than that predicted 
with a value of sound speed of the air medium because sound speed in the fiber network is lower than that in the 
air. The imaginary part rather presents an inflection point at the location of the Bragg interference. The relative 
agreement at high frequencies of the imaginary part of the normalized wave vector is mostly attributed to the 
quarter-spheres diameter variation and the presence of the outward shell. In addition, the reflection coefficient 
presents five smooth peaks (and six minima) before the Bragg frequency corresponding to the Fabry-Perot inter-
ference arising from the six layers (see Fig. 3). These Fabry-Perot interferences are not visible in the transmission 
coefficient absolute value because of the attenuation.

Argand diagram and acoustic absorption. To get further insights on the acoustic behavior of this 
primitive cubic system, the Argand  diagram29 of R and T, i.e., their values in the complex plane in function of fre-
quency, are depicted in Fig. 3d. Both R and T are inscribed in the unitary circle and describe counter-clockwise 
elliptical loops (with time Fourier convention e−iωt ) from R = (0, 0) and T = (1, 0) respectively. While T makes 
half of a loop that encompasses the origin, R makes a full loop in the positive real half space in the first bulk band. 
Each time R reaches the appendicular part of the loop towards the origin (T also reaches an appendicular part of 
half a loop) a Fabry-Perot interference occurs. Fabry-Perot interferences are also visible in the Argand diagram 
of T. The attenuation only provides the conic envelop of R and T, the vertex of which is at high frequency. Of 
particular interest is that R describes half a loop from the positive to the negative real half spaces within the first 
band gap as a translation of the topological character of the  gap30. In the present case, T still describes a loop 
around the origin because of the weak band gap translation. However, no Fabry-Perot interference is obviously 
excited in that band gap because R does not move toward the origin. Within the second bulk band, R goes back 
from negative to positive real half spaces around 5500 Hz as a manifestation of the symmetry inversion of the 

Table 1.  Porous parameters of the considered Aegagropilae fiber network.

Porosity, φ 0.86

Tortuosity, α∞ 1.2

Viscous characteristic length, � ( µm) 73

Thermal characteristic length, �′ ( µm) 145

Static viscous permeability, k0 (10−9m2) 1.21

Static thermal permeability, k′
0
 (10−9m2) 1.70
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 system31. This band is thus a nontrivial bulk band with two opposite edge states. As a first approximation, the 
present 3-dimensional system can be effectively assimilated to a 1-dimensional one below the Wood anomaly, 
when excited at normal incidence. At the edges of each band, R = r

(

1− e2ikNd
)/(

1− r2e2ikNd
)

 reduces to the 
reflection coefficient of an infinite half space r thus showing the efficiency of Argand diagram for Zak phase cal-
culation in 1-dimensional system. The most interesting acoustic feature of this primitive cubic system effectively 
relies on the absorption efficiency. The absorption is higher than 0.8 for frequencies higher than 1 kHz , although 
it presents a local minimum at the Bragg frequency due to the associated large reflection. A quasi-perfect absorp-
tion peak is also noticed around the symmetry inversion frequency at 5500 Hz . Fabry-Perot interferences usually 
coallesce around the frequency of symmetry inversion for two and three-dimensional structures, making possi-
ble quasi-perfect absorption by symmetric  structures32. The absorption coefficient is effectively higher than that 
of a full 6× d-thick layer occupied by the fibrous materials as can be seen in Fig. 3a for most of the frequency 
range considered.

Discussion
The acoustic behavior of this fully natural Aegagropilae sonic crystal reveals several outstanding aspects of the 
fiber network structure and sonic crystals constituted of soft and dissipative medium scatterers, but also links 
between sonic crystal topology and acoustic properties in the day to day life. First, the fiber network micro-
structure has been assessed by acoustical means. The acoustic properties of the Aegagropilae core are found 
highly correlated to information provided by stereo microscopic image. Acoustic characterization is thus a 
cheap, easy and efficient tool to study natural fiber entanglement and so Aegagropilae formation. As a corollary, 
turbulent flow may also represent an excellent sustainable alternative for green manufacturing of non-woven 
acoustic materials, because Aegagropilae acoustic paramaters were found similar to that of man manufactured 
acoustic fibrous materials. Interestingly, the outward shell of the Posidonia balls weakly affects the global acoustic 
behavior of the organic sphere. Second, the dissipative and soft natural sonic crystal was found to exhibit specific 
fetaures, notably the almost unique translation of the Bragg interference in the reflection coefficient. Neverthe-
less, the Argand diagram of both R ad T are found highly informative for the edge state qualification. The second 
bulk band of this sonic crystal is a nontrivial one with a symmetry inversion. Third, topology analysis of the 
sonic crystal explains the absorbing efficiency of the structure that largely overcome that of a layer of identical 
thickness and material. The material gain with respect to this configuration is directly the porosity of a primitive 
cubic arrangement of the Aegagropilae spheres, i.e., 1− ff  , and thus is at minimum of ≈ 47% . The absorption 
coefficient can be further enhanced by increasing the filling fraction (see Supplementary information), which 
could require considering other type of crystal lattice. For example, cubic body centered or face centered cubic 
arrangements enable reaching higher ff  than a primitive cubic one and can be more often encoutered in nature. 
Aegrophilae fiber sonic crystals are also fully natural structures that outperform acoustic properties of usual 

Figure 3.  Scattering properties of a 3D primitive cubic arrangement of periodicity d = 43 mm, made of N = 6 
Aegagropilae spheres of radius 19.5 mm. (a) Absorption, reflection and transmission coefficients calculated 
numerically (black, red and blue continuous curves) and measured experimentally (open black circles, open 
red squares, and open blue triangles). The grey continuous line represents the absorption coefficient of a bulk 
material of identical thickness. (b) Real and (c) imaginary parts of the complex wave number reconstructed 
numerically (continuous lines) and experimentally (markers). (d) Argand diagram of T (blue curve) and R 
(red curve) over the frequency range [0 Hz,7000 Hz] obtained numerically (continuous) and experimentally 
(markers).
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acoustic material, the use of which does not require transformation. In terms of proving the existence of natural 
acoustic/elastic metamaterials, Aegagropilae are excellent candidates.

Methods
Sample preparation. The 50 samples were dried at room temperature for a month to remove water trapped 
in the Aegagrophilae. Samples were then placed in a 75 cm-depth test sieves with a 710 µm mesh size and shaken 
at an amplitude of 1.3 mm in a laboratory sieve shaker (CISA BA 200N) for 10 min to remove the sand. Samples 
were immersed in nitrogen before their cutting to preserve the structural integrity of the fiber network. A hole 
saw mounted on pillar drills and a ham slicer were used to cut the samples.

Johnson–Champoux–Allard–Lafarge model. The skeleton of Aegagropilae fiber network is assumed 
to be motionless and is thus modeled as an equivalent fluid with complex and frequency dependent density and 
bulk modulus via the Johnson–Champoux–Allard–Lafarge  model23, 24:

where ρ0 is the density of the saturating fluid, φ the open porosity, P0 is the static pressure and γ the specific heat 
ratio. The dynamic and thermal tortuosities, which respectively account for the viscous and thermal losses, read as

where ν = η/ρ0 is the kinematic viscosity of the saturating fluid, η is the dynamic viscosity, ν′ = η/Pr with Pr 
is the Prandtl number and α∞ , � , �′ , k0 , k′0 are the tortuosity, viscous and thermal characteristic lengths, and 
viscous and thermal static permeabilities of the porous medium. In the present case, the surrounding and saturat-
ing fluid is air at room temperature, i.e., ρ0 = 1.213 kg.m−3 , P0 = 101325 Pa , γ = 1.4 , η = 1.839× 10−5m.s−1 , 
Pr = 0.71.

Experimental set‑up. Within the square cross-sectional impedance tube of side d/2 = 21.5 mm , the 
acoustic pressures are recorded by 4 microphones, two of which are positioned upstream and the other two 
downstream of the structure. The sonic crystal depth is L = 6d = 258 mm . The excitation is delivered at one end 
of the tube by a loudspeaker and takes the form of a sweep sine from 100 Hz to 7900 Hz with �f = 10 Hz . An 
anechoic end is placed at the opposite end of the tube. Assuming the anechoic end is not perfect and the struc-
ture is reciprocal and symmetric, the scattering pressures are first identified from the four measured pressures, 
thus enabling the recovery of RExp and TExp as explained  in22. The Nicholson-Ross33 procedure is then applied to 
recover the effective wavenumber inside the structure.

Numerical method. Full wave simulations have been performed using the acoustic module of the Finite 
Element Software COMSOL Multiphysics 5.234 to numerically reproduce the experimental set-up. The numeri-
cal domain is depicted Fig. 4 and is discretized with 14643 tetrahedra elements ensuring that the mesh allows 
the convergence of the solution in all regions. The model uses the Multifrontal Massively Parallel Sparse direct 
Solver (MUMPS). The numerical domain geometry is that of the square impedance tube used in the experi-
ments. A background plane wave field excites the system. The two appendicular sides of the numerical domains 
are covered by Perfectly Matched Layers (PML) to avoid spurious reflections and to numerically reproduce the 
Sommerfeld conditions (see Fig. 4). The other tube boundaries are rigid ones. At the scatterer boundaries, con-
tinuity of pressure and normal velocity is applied, assuming that the scatterer medium is an equivalent fluid rep-
resented by the Johnson–Champoux–Allard–Lafarge model. The reflection and transmission coefficients of the 
analyzed samples (the man modified 2-dimensional and the fully natural 3-dimensonal finite depth sonic crys-
tals) are evaluated from the pressures numerically calculated at the same positions as those of the microphones 
in the experimental set-up. The Nicholson-Ross33 procedure is also applied to recover the effective wavenumber 
inside the structure. This numerical procedure has been validated against experimental results and Multiple 
Scattering Theory simulations assuming periodic conditions for the 2-dimensional man modified sonic crystal 
in the Supplementary information.
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Figure 4.  Top view of the numerical domain, exhibiting the tetrahedra elements, Perfectly Matched Layers 
(PML) locations, and the quarter spheres.



7

Vol.:(0123456789)

Scientific Reports |          (2021) 11:711  | https://doi.org/10.1038/s41598-020-79982-9

www.nature.com/scientificreports/

Received: 26 August 2020; Accepted: 14 December 2020

References
 1. Eder, M., Amini, S. & Fratzl, P. Biological composites—complex structures for functional diversity. Science 362, 543–547. https ://

doi.org/10.1126/scien ce.aat82 97 (2018).
 2. Cannon, J. An exprimental investigation of Posidonia balls. Aquat. Bot. 6, 407–410 (1979).
 3. Brouzet, C., Verhille, G. & Le Gal, P. Flexible fiber in a turbulent flow: a macroscopic polymer. Phys. Rev. Lett. 112, 074501 (2014).
 4. Verhille, G. & Bartoli, A. 3d conformation of a flexible fiber in a turbulent flow. Exp. Fluids 57, 117 (2016).
 5. Verhille, G., Moulinet, S., Vandenberghe, N., Adda-Bedia, M. & Le Gal, P. Structure and mechanics of aegagropilae fiber network. 

Proc. Natl. Acad. Sci. 114, 4607–4612. https ://doi.org/10.1073/pnas.16206 88114  (2017).
 6. Haddara, A. et al. Synergetic effect of posidonia oceanica fibres and deinking paper sludge on the thermo-mechanical properties 

of high density polyethylene composites. Ind. Crops Prod. 121, 26–35 (2018).
 7. Vukusic, P. & Sambles, J. Photonic structures in biology. Nature 424, 852–855 (2004).
 8. Choi, S. H. et al. Anderson light localization in biological nanostructures of native silk. Nat. Commun. 9, 452 (2018).
 9. Lagarrigue, C., Groby, J.-P. & Tournat, V. Sustainable sonic crystal made of resonating bamboo rods. J. Acoust. Soc. Am. 133, 247 

(2013).
 10. Miniaci, M., Krushynska, A., Movchan, A. B., Bosia, F. & Pugno, N. M. Spider web-inspired acoustic metamaterials. Appl. Phys. 

Lett. 109, 071905. https ://doi.org/10.1063/1.49613 07 (2016).
 11. Huang, W., Schwan, L., Romero-García, V., Génevaux, J.-M. & Groby, J.-P. 3D-printed sound absorbing metafluid inspired by 

cereal straws. Sci. Rep. 9, 8496 (2019).
 12. Neil, T. R., Shen, Z., Robert, D., Drinkwater, B. W. & Holderied, M. W. Moth wings are acoustic metamaterials. Proc. Natl. Acad. 

Sci.https ://doi.org/10.1073/pnas.20145 31117  (2020).
 13. Sanchis, L. et al. Reflectance properties of two-dimensional sonic band gap crystals. J. Acoust. Soc. Am. 109, 2598–2605 (2001).
 14. Pérez-Arjona, I., Sánchez-Morcillo, V. J., Redondo, J., Espinosa, V. & Staliunas, K. Theoretical prediction of the nondiffractive 

propagation of sonic waves through periodic acoustic media. Phys. Rev. B 75, 014304 (2007).
 15. Romero-García, V., Lagarrigue, C., Groby, J. .-P., Richoux, O. & Tournat, V. Tunability of band gaps and waveguides in periodic 

arrays of square-rod scatterers: theory and experimental realization. J. Phys. D Appl. Phys. 46, 305108 (2013).
 16. Khelif, A. et al. Trapping and guiding of acoustic waves by defect modes in a full-band-gap ultrasonic crystal. Phys. Rev. B 68, 

214301 (2003).
 17. Cervera, F. et al. Refractive acoustic devices for airborne sound. Phys. Rev. Lett. 88, 023902–4 (2002).
 18. Wu, L.-Y., Chen, L.-W. & Wang, R.C.-C. Dispersion characteristics of negative refraction sonic crystals. Physica B Condens. Matter 

403, 3599–3603 (2008).
 19. Hughes, R. J. et al. Volumetric diffusers: Pseudorandom cylinder arrays on a periodic lattice. J. Acoust. Soc. Am. 128, 2847–2856 

(2010).
 20. Sánchez-Pérez, J., Rubio, C., Martínez-Sala, R., Sánchez-Grandia, R. & Gómez, V. Acoustic barriers based on periodic arrays of 

scatterers. Appl. Phys. Lett. 81, 5240 (2002).
 21. Alevizaki, A. et al. Phononic crystals of poroelastic spheres. Phys. Rev. B 94, 174306 (2019).
 22. Niskanen, M. et al. Deterministic and statistical characterization of rigid frame porous materials from impedance tube measure-

ments. J. Acoust. Soc. Am. 142, 2407–2418. https ://doi.org/10.1121/1.50087 42 (2017).
 23. Johnson, D. L., Koplik, J. & Dashen, R. Theory of dynamic permeability and tortuosity in fluid saturated porous media. J. Fluid 

Mech. 176, 379–402 (1987).
 24. Lafarge, D., Lemarinier, P., Allard, J.-F. & Tarnow, V. Dynamic compressibility of air in porous structures at audible frequencies. 

J. Acoust. Soc. Am. 102, 1995–2006 (1997).
 25. Tarnow, V. Calculation of the dynamic air flow resistivity of fibre materials. J. Acoust. Soc. Am. 102, 1680–1688 (1997).
 26. Castagnède, B., Aknine, A., Brouard, B. & Tarnow, V. Effects of compression on the sound absorption of fibrous materials. Appl. 

Acoust. 61, 173–182 (2000).
 27. Bourbié, T., Coussy, O. & Zinszner, B. Acoustique des Milieux Poreux (Acoustics of Porous Media), 35 (Editions Technip, Paris, 

1986).
 28. Wood, R. Xlii on a remarkable case of uneven distribution of light in a diffraction grating spectrum. Lond. Edinb. Dublin Philos. 

Mag. J. Sci. 4, 396–402 (1902).
 29. Fernández-Marín, A. A., Jiménez, N., Groby, J.-P., Sánchez-Dehesa, J. & Romero-García, V. Aerogel-based metasurfaces for perfect 

acoustic energy absorption. Appl. Phys. Lett. 115, 061901. https ://doi.org/10.1063/1.51090 84 (2019).
 30. Xiao, M. et al. Geometric phase and band inversion in periodic acoustic systems. Nat. Phys. 11, 240–244 (2015).
 31. Xiao, M., Zhang, Z. Q. & Chan, C. T. Surface impedance and bulk band geometric phases in one-dimensional systems. Phys. Rev. 

X 4, 021017 (2014).
 32. Jiménez, N., Romero García, V., Pagneux, V. & Groby, J. Quasiperfect absorption by subwavelength acoustic panels in transmission 

using accumulation of resonances due to slow sound. Phys. Rev. B 014205 (2017).
 33. Nicholson, A. & Ross, G. Measurement of the intrinsic properties of materials by time-domain techniques. IEEE Trans. Instrum. 

Meas. IM–19, 377–382 (1970).
 34. https ://www.comso l.fr/relea se/5.2.

Acknowledgements
This article is based upon work from COST Action DENORMS CA15125, supported by COST(European Coop-
eration in Science and Technology). The authors gratefully acknowledge the ANR-RGC METARoom (ANR-
18-CE08-0021) project, the project HYPERMETA funded under the program Étoiles Montantes of the Région 
Pays de la Loire, and the project PID2019-109175GB-C22 funded by the Spanish Ministry of Science and Inno-
vation. N.J. acknowledges financial support from the Spanish Ministry of Science, Innovation and Universities 
(MICINN) through grant “Juan de la Cierva – Incorporación” (IJC2018-037897-I). The authors would like to 
thank V. Pagneux and R. Picó Vila for useful discussions and J. Barber and C. Dordoni for their help in collect-
ing the samples.

Author contributions
V.J.S.M., V.R-G., and J.-P.G. designed research; L.B., V.R.-G., and J.-P.G. performed research; J.-P.G. analyzed 
data; and N.J., V.R.-G., L.-M.G.-R. and J.-P.G. wrote the paper.

https://doi.org/10.1126/science.aat8297
https://doi.org/10.1126/science.aat8297
https://doi.org/10.1073/pnas.1620688114
https://doi.org/10.1063/1.4961307
https://doi.org/10.1073/pnas.2014531117
https://doi.org/10.1121/1.5008742
https://doi.org/10.1063/1.5109084
https://www.comsol.fr/release/5.2


8

Vol:.(1234567890)

Scientific Reports |          (2021) 11:711  | https://doi.org/10.1038/s41598-020-79982-9

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests

Additional information
Supplementary Information The online version contains supplementary material is available at https ://doi.
org/10.1038/s4159 8-020-79982 -9.

Correspondence and requests for materials should be addressed to J.-P.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-79982-9
https://doi.org/10.1038/s41598-020-79982-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Natural sonic crystal absorber constituted of seagrass (Posidonia Oceanica) fibrous spheres
	Results
	Acoustic characterization of the Aegagropilae fiber network and micro-structure assessment. 
	Fully natural 3-dimensional sonic crystal. 
	Crystal manufacturing and testing. 
	Scattering properties and dispersion relation. 

	Argand diagram and acoustic absorption. 

	Discussion
	Methods
	Sample preparation. 
	Johnson–Champoux–Allard–Lafarge model. 
	Experimental set-up. 
	Numerical method. 

	References
	Acknowledgements


