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Abstract:  Meta-materials have been a subject of
great  interest  in  the field  of  acoustic  materials  for
several  years.  The  term  « meta »  is  used  to
emphasize  that  at  least  one  non-conventional
phenomenon is  used.  These  meta-materials  could
also be called multiple  dynamic  materials.  A large
number  of  works  are  published  every  year  in  this
field  and  it  may  be  difficult  to  distinguish  if  these
works  present  new  concepts  or  combine  several
existing concepts.

This presentation attempts to synthesize the different
phenomena involved in meta-materials. These non-
conventional  phenomena such  as  double  porosity,
multiple-scattering,  acoustical  resonance,  permeo-
elasticity will be presented and a classification of the
involved effects will be drawn. In addition, it will be
shown  that  the  periodicity  of  the  inclusions,  often
encountered in meta-materials, can be seen as an
additional  phenomenon which  is  not  mandatory  to
take advantage of other phenomena. The main idea
of  this  work  is  to  classify  the  non-conventional
effects in order to have a toolbox when designing an
acoustical material with multiple dynamics.
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1. Introduction

Porous  materials  are  widely  used  in  automotive
sound  packages.  Usual  porous  media  (fibrous,
foams) are generally considered homogeneous. The
new  trend  to  target  the  low-frequency  acoustical
performance  is  to  investigate  non-conventional
phenomena.  These  materials  including  non-
conventional  phenomena  are  often  called  meta-
materials. These non-conventional phenomena add
additional dynamics and additional dissipation. 

2. Classical porous materials

Porous  materials  are  widely  used  for  acoustic
applications  for  their  ability  to  dissipate  acoustic
energy via viscous and thermal effects. The porous
materials  are  said  to  be  good  acoustic  materials.
They are particularly good sound absorbers and they
can also be used to add visco-thermal dissipation for
transmission applications when assembled in multi-
layers.

Acoustic  porous  media  can  be  divided  in  three
categories:  fibrous,  foam  and  granular.  These
materials  are  made  of  a  solid  phase  and  a  fluid
phase  (usually  air).  They  exhibit  an  open network
with a high porosity (volume fraction of air) usually
greater than 90%. Two porous microstructures are
illustrated in Figure 1 for a fibrous material and an
open  cell  foam.  These  materials  are  widely  used
because they have a relative low cost. Even if they
exhibit  different  microstructures,  the  acoustic
dissipation  mechanisms  are  identical.  The  visco-
thermal dissipation can be accurately predicted [1-5].

Figure 1: Example of porous microstructure, left:
fibrous medium, right: open-cell foam.

When the elastic frame is considered, the structural
effect  and  the  coupling  with  the  visco-thermal
dissipation  has  to  be  considered  using  the  Biot’s
model [6-7]. The elastic behaviour can be of primary
importance for the transmission applications using a
(bonded) porous material. If the poro-elastic medium
is used for absorption applications or decoupled from
other  layers,  it  can  usually  be considered as  rigid
and motionless. Figure 2 shows a typical comparison
of the sound absorption under normal incidence of a
foam modelled with a rigid or an elastic frame for a
moderate airflow resistivity of σ = 25 000 N.s.m-4 and
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a Young modulus of  E = 200 000 Pa.  The elastic
effect  (quarter  wave  resonance)  is  limited  and
localized in the frequency range.

Figure 2: Comparison of the sound absorption under
normal incidence of a 30 mm thick foam with a weak

elastic coupling (σ = 25 000 N.s.m-4 and
E = 200 000 Pa).

The  porous  materials  enabling  visco-thermal
dissipation  and  elastic  frame  can  be  seen  as
“classical porous materials”.

Nevertheless, Figure 3 shows that a strong effect of
the  poro-elastic  coupling  can  be  achieved  while
adjusting the properties of a “classical” poro-elastic
material.

Figure 3: Comparison of the sound absorption under
normal incidence of a 30 mm thick foam with a

strong elastic coupling (σ = 200 000 N.s.m-4 and
E = 5 000 Pa).

At  low  frequency,  the  wavelength  being  large
compared to the material morphological dimensions
and its  thickness,  these classical  porous materials
suffer from a lack of  dissipation.  This  explains the
large interest in studying meta-materials, or in other
words, how to add additional dynamics or dissipation
phenomena.  Even  if  there  is  a  plethora  of  work
concerning meta-materials, they mainly deal with few
concepts which are generally combined.

The subwavelength dissipation is often pointed out in
meta-material  works. It  has to be recalled that  the
maximum  dissipation  of  a  rigid-backed  material
appends  at  the  frequency  f=c/4L,  L  being  the
thickness of the sample and c the speed of wave in
the porous medium. The acoustic wavelength in air

is  λ=c0/f. The  velocity of the waves “propagating in
the fluid phase” of a porous medium depends on the
frequency and is  lower that the one in air c(f)< c0.
Thus,  the  comparison  of  with  the  acoustic
wavelength in air has to be considered with caution.

3. Non-conventional phenomena

This section attempts to present and to classify the
non-conventional  phenomena  involved  in  meta-
materials. 

3.1 Multi-scale material with diffusion processes

This first category of meta-materials is based on the
use of multiple scales. It can be a porous matrix with
air, solid or porous inclusions. By adjusting the sizes
of  the  inclusions  and the  properties of  the  porous
matrix,  additional  dissipation  effects,  especially
diffusion effects, can be achieved.

3.1.1Double porosity media

Adding  meso-perforations  or  air  inclusions  in  a
carefully  chosen  porous  medium  can  lead  to  an
enhancement of the sound absorbing performance in
a  given  frequency  range.  This  kind  of  material  is
called double porosity medium and is illustrated in
Figure 4. This double porosity media add a pressure
diffusion effect when there is a strong permeability
contrast between meso (i.e., the meso-perforations)
and micro scales (i.e., the porous matrix) [8-9].

Porous  media  with  air  inclusions  enable  a  weight
reduction  and  can  take  advantage  of  additional
pressure diffusion effects as depicted in Figure 4.

ϕ σ Λ Λ ' α∞ k0
'

Materials (N.s.m-4) (m) (m) (1e-10 m²)

Porous A 0.95 120 000 12 72 1.08 11

Porous B 0.98 17 500 106 151 1.00 56

Table 1: Material parameters

Figure 4: Potential effect of the double porosity on
the sound absorption coefficient (20 mm-thick-

sample of Porous A with 11% of 10 mm-diameter-
holes).
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3.1.2 Solid inclusions

This type of heterogeneous porous media with solid
inclusions enables to take advantages of a tortuous
effect at the mesoscopic scale as shown in Figure 5.
Porous materials with solid inclusions can also add
multiple scattering effects while not being necessary
periodic [10].

Figure 5: Potential effect of the solid inclusions on
the sound absorption coefficient (20 mm-thick-

sample of Porous B with 12.6% of rigid inclusions).

3.1.3 Porous inclusions

Considering  porous  inclusions  in  a  porous  matrix
enables  to  control  the  permeability  contrast  which
mainly  controls  the  overall  dissipation  level.  This
heterogeneous porous media can still  benefit  from
additional  mesoscopic  tortuosity  and  pressure
diffusion effect as presented in section 3.1.1 [11-12]
(see Figure 6).

Figure 6: Potential effect of the porous inclusions on
the sound absorption coefficient  (20 mm-thick-

sample of Porous B with 12.6% of Porous A
inclusions).

3.1.4 Sorption 

The  diffusion  process  can  be  enhanced  by  using
sorption (adsorption/desorption) phenomena. These
effects are generally introduced through a third scale
(nano)  of  porosity.  This  can  be  achieved  with
activated carbon for instance [13-14].

In  addition  to  improve  the  dissipation,  this
phenomenon enables to reduce the bulk modulus of
the  heterogeneous  material.  It  is  very  useful  for
shifting  the  resonance  of  a  cavity  towards  low
frequencies.

3.2 Acoustical resonators

The use of acoustical resonators (Helmholtz [15] or
quarter  wave  length  resonators)  is  not  recent  and
their use coupled to porous media has gained some
interest in the last decades [16-18]. The resonators
can be embedded in the porous matrix while acting
as  rigid  inclusions  and  adding  dissipation  at  the
resonance  frequency  as  depicted  in  Figure 7.  The
acoustical resonators can also be positioned on the
sides or at the rear of the material [18].

Several  resonators can be combined with different
dimensions and resonance frequencies. This type of
combination tends to a Schroeder diffuser [19].

Figure 7: Potential effect of inner resonators on the
sound absorption coefficient  (20 mm-thick-sample of
Porous B with 20% of inner resonator set at 423 Hz).

3.5 Soft membranes

The effect of rigid membranes in porous materials is
well  known.  They  allow  to  increase  the  airflow
resistivity and the tortuosity [20].

The effect of soft membranes has been less studied
despite their high potential [21] (see Figure 8). The
coupling  of  the  soft  membranes  with  the  visco-
thermal  dissipation  is  called  the  permeo-elasticity
concept  and  has  been  studied  thanks  to  a
homogenization method [22]
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Figure 8: Potential effect of thin and soft membranes
of a 20 mm-thick sample. Fig 3. of ref [21]

3.6 Periodicity

When the inclusions are periodic, the heterogeneous
material becomes a phononic crystal. In addition to
the mesoscopic tortuosity and the multiple scattering
effect  (see section 3.1.2),  interference phenomena
appear  (see  Figure  9).  These  are  called  Bragg
interferences.

This  type  of  materials  can  create  stop  bands  in
transmission [22]. These periodic inclusions can also
be embedded in porous media [23]

Figure 10 shows the increase of  transmission loss
around  the  Bragg  frequency.  Nevertheless,  it
corresponds to a decrease of the sound absorption
coefficient.  It confirms that the waves are reflected
thanks to the periodic inclusions and not dissipated.
The  periodicity  is  thus  of  great  interest  for
transmission purposes but not for sound absorption
application.

Figure 9: Illustration of Bragg interference for two
diffraction angles  Left: constructive interference,
right: destructive interference (modified picture

according license CC BY-SA 3.0 cdang)

Figure 10: Potential effect of periodic solid
inclusions. Top: sound absorption, Bottom:

Transmission loss.

3.7 Impedance matching

The principle of impedance matching is to gradually
modify the impedance to tend towards zero reflection
[24]. The impedance matching is generally achieved
by varying the topology of the material. This is the
principle  of  the  anechoic  wedges  and  functionally
graded materials for instance.  

3.8 Alternative concepts

This  work  mainly  focuses  on  concept  directly
integrated  in  porous  materials.  Nevertheless,
mechanical resonators are also often used as well.
Usually,  they are directly  coupled to  the structure.
They  can  be  linear  uni-axial  spring-mass  systems
[25-26],  bending  mode  resonators  [27]  as  well  as
non-linear  mechanical  resonators  [28-29].
Membrane type resonators can also be used [30].

The  impedance  matching  concept  can  also  be
applicable  for  structural  vibrations  [31].  When
applied on the structures, this concept is sometimes
called “acoustic black hole” [32].

Finally,  when  dealing  with  underwater  acoustics,
most  of  the  presented  concepts  cannot  be  used
since the water impedance is very large compared to
the  air  one.  Most  of  meta-material  solutions  for
underwater  applications  are  based  on  solid  visco-
elastic matrix with soft inclusions.   

4. Conclusions
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Various  concepts  of  non-conventional  phenomena
involved  in  acoustic  meta-materials  have  been
summarized.  Despite  the  large  amount  of  new
published works every year, only few concepts are
involved.

Most of the works combine some of these concepts,
for instance:

- membranes and resonators [33],

-  periodic solid inclusions and quarter wave length
resonator backing [34],

- periodic inclusions and resonators [35].

These  concepts  can  be  seen  as  a  toolbox  for
acoustician  to  design  efficient  solutions.  It  is
important to note that the periodicity is not required
for  taking  advantage  of  the  presented  non-
conventional  phenomena.  The  periodicity  is  an
additional  concept  which  can  be  combined  with
others.

5. References

[1] 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).

[2] Champoux,  Y.,  Allard,  J.  F.,  “Dynamic  tortuosity
and bulk modulus in air-saturated porous media,” J.
Appl. Phys.70, 1975–1979 (1991).

[3] 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).

[4] Allard,  J.  F.,  Atalla,  N.,  "Propagation of  Sound in
Porous  Media:  Modeling  Sound  Absorbing
Materials", 2nd ed. (Wiley, Chichester, UK, 2009),
Chap. 5, 358 pp.

[5] Acoustical  Porous  Material  Recipes  (APMR),
http://apmr.matelys.com  (visited  on  2021
September 12th).

[6] Biot, M. A., “Theory of propagation of elastic waves
in a fluid-saturated porous solid. I.  Low-frequency
range,” J. Acoust. Soc. Am. 28(2), 168–178 (1956).

[7] Biot,  M. A., “Theory of propagation of elastic waves
in  a  fluid-saturated  porous  solid.  II.  Higher
frequency range,” J. Acoust. Soc. Am. 28(2), 179–
191 (1956).

[8] C. Boutin and J. L. Royer, P.and Auriault. “Acoustic
absorption of porous surfacing with dual porosity.”
Int. J. Solids Struct., 35 :4709– 4737, 1998.

[9] Olny, X., Boutin, C., “Acoustic wave propagation in
double porosity media,”  J. Acoust. Soc. Am. 114,
73–89 (2003).

[10] Tournat, V., Pagneux, V., Lafarge, D., Jaouen, L.,
"Multiple scattering of acoustic waves and porous
absorbing  media",  Phys.  Rev.  E  70,  026609,
(2004).

[11] E.  Gourdon  and  M.  Seppi.  “Extension  of  double
porosity  model  to  porous  materials  containing
specific porous inclusions.” Acta Acoust., 96 :275–
291, 2010.

[12] Chevillotte,  F.,  Jaouen,  L.,  Bécot,  F.-X.  "On  the
modeling  of  visco-thermal  dissipations  in
heterogeneous porous media," J. Acoust. Soc. Am.
138 (6), 3922 - 3929 (2015).

[13] R. Venegas and O. Umnova. “Influence of sorption
on sound propagation in granular activated carbon.”
J.Acoust. Soc. Am., 68 :162–181, 2017.

[14] R. Venegas and C. Boutin.  “Acoustics of sorptive
porous  materials.”  Wavemotion,  828  :135–174,
2017a.

[15] H.  Helmholtz.  “Theorie  der  Luftschwingungen  in
Röhren mit offenen Enden.” Crelle’s Journal für die
reine  und  angewandte  Mathematik,  57(1)  :1–72,
1860.

[16] N. Fang, D. Xi, J. Xu, M. Ambati,W. Srituravanich,
C.  Sun,  and  X.  Zhang.  “Ultrasonic  metamaterials
with  negative  modulus.”  Nature  Materials,
5(6) :452–456, 2006.

[17] Boutin,  C.,  “Acoustics of  porous media with inner
resonators,”  J.  Acoust.  Soc.  Am.  134  (6),  4717–
4729 (2013).

[18] J.-P.  Groby,  W.  Lauriks,  and  T.  E.  Vigran.  Total
absorption  peak  by  use  of  a  rigid  frame  porous
layer backed by a rigid multi-irregularities grating. J.
Acoust. Soc. Am., 127(5) :2865–2874, 2010.

[19] N.  Jiménez,  V.  Romero-Garcia,  V.  Pagneux,  and
J.-P.  Groby.  “Rainbow  trapping  absorbers  :
Broadband,  perfect  and  asymmetric  sound
absorption  by  subwavelength  panels  for
transmission  problems.”  Scientific  reports,
7(13595), 2017.

[20] M.  T.  Hoang  and  C.  Perrot.  “Solid  films  and
transports  in  cellular  foams.”  J.  Appl.  Phys.,
112(054911), 2012.

[21] C.  Gaulon,  J.  Pierre,  C.  Derec,  L.  Jaouen,  F.-X.
Bécot, F. Chevillotte, F. Elias, W. Drenckhan, and
V. Leroy. ”Acoustic absorption of solid foams with
thin membranes.” Appl. Phys. Lett., 112 (261904),
2018.

[22] R. Venegas and C. Boutin. “Acoustics of permeo-
elastics materials.”  J.  Fluid Mech.,  828 :135–174,
2017b.

[22] Z. Liu, X. Zhang, Y. Mao, Y. Y. Zhu, Z. Yang, C. T.
Chan,  and  P.  Sheng.  “Locally  Resonant  Sonic
Materials.” Science, 289 (5485) :1734–1736, 2000.

[23] J.-P. Groby, O. Dazel, A. Duclos, L. Boeckx, and L.
Kelders. “Enhancing the absorption coefficient of a
backed  rigid  frame  porous  layer  by  embedding
circular  periodic  inclusions.”  J.  Acoust.  Soc.  Am.,
130(6) :3771–3780, 2011a.

[24] M.  A.  Mironov  and  V.  V.  Pislyakov.  “One-
dimensional acoustic waves in retarding structures
with  propagation  velocity  tending  to  zero.”
Acoustical Physics, 48(3): 347–352, 2002.

[25] F. Tateo, J. Michielsen, I.  Lopez Arteaga, and H.
Nijmeijer.  “Resonant  lattices  for  low-frequency
vibro-acoustic  control.”  In  Novem,  Dubrovnik,
Croatia, 2015.

[26] M.  Ruzzene.  “Internally  resonating  metamaterials
for  wave  and  vibration  control.”  In  Novem,
Dubrovnik, Croatia, 2015.

[27] C.  C.  Claeys,  E.  Deckers,  B.  Pluylmers,  and  W.
Desmet. “A lightweight vibro-acoustic metamaterial

Page 5 / 6



demonstrator:  numerical  and  experimental
investigation.” In Novem, Dubrovnik, Croatia, 2015.

[28] A. F. Vakakis and O. Gendelman. “Energy pumping
in  nonlinear  mechanical  oscillators:  Part  ii  -
resonance  capture.”  ASME.  J.  Appl.  Mech.,
68(1) :42–48, 2000.

[29] E. Gourdon, N. A. Alexander, C. A. Taylor, C. H.
Lamarque,  and  S.  Pernot.  “Nonlinear  energy
pumping  under  transient  forcing  with  strongly
nonlinear  coupling:  Theoretical  and  experimental
results.” J. Sound Vib., 300(3-5) :522–551, 2007.

[30] Z.  Yang,  J.  Mei,  M.  Yang,  N.  H.  Chan,  and  P.
Sheng. “Membrane-type acoustic metamaterial with
negative dynamic mass.” Physical Review Letters,
101(204301), 2008.

[31] C. L. Pekeris. “Theory of Propagation of Sound in a
Half-Space  of  Variable  Sound  Velocity  under
Conditions  of  Formation  of  a  Shadow  Zone.”  J.
Acoust. Soc. Am., 18 :295–315, 1946.

[32] V. B.  Georgiev,  J. Cuenca, F. Gautier,  L.  Simon,
and V. V. Krylov. “Damping of structural vibrations
in  beams  and  elliptical  plates  using  the  acoustic
black hole effect.” J. Sound Vib., 330 :2497–2508,
2011.

[33] S. H. Lee, C. M. Park, Y. M. Seo,Z. G. Wang, and 
C. K. Kim. Composite “Acoustic Medium with 
Simultaneously Negative Density and Modulus.“ 
Physical Review Letters, 104(054301), 2010.

[34] J.-P. Groby, A. Duclos, O. Dazel, L. Boeckx, and 
W. Lauriks. “Absorption of a rigid frame porous 
layer with periodic circular inclusions backed by a 
periodic grating.” J. Acoust. Soc. Am., 
129(5) :3035–3046, 2011b.

[35] C. Lagarrigue, J.-P. Groby, V. Tournat, O. Dazel, 
and O. Umnova. “Absorption of sound by porous 
layers with embedded periodic arrays of resonant 
inclusions.” J. Acoust. Soc. Am., 134(6) : 4670–
4680, 2013.

Page 6 / 6


