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Context and motivations
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q Metamaterials = artificial materials engineered to control wave propagation

https://www.discoverymagazine.com/

invisibility cloaks

www.nature.com/scientificamerican/journal/…

negative-index materials

https://www.sciencedaily.com/

metasurfaces



Negative index and negative refraction
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Context and motivations

q Double negativity, negative index and negative refraction

Double negativity concept

n < 0

n > 0

n < 0

n > 0



Negative index for high resolution imaging
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Context and motivations

q Double negativity, negative index and double negative refraction

Double negativity concept

J. Pendry
Phys. Rev. Lett. 85, 3966 (2000)

N. Kaina et al.
Nature 525, 77 (2015)

N. Fang et al.
Science. 308, 534 (2005)

Perfect lens Acoustic superlensOptical superlens

n = +1 n = -1 n = +1



Context and motivations
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Crystals (periodic structure) Metamaterials (random media)
• λ ~ a (lattice constant)
• negative group velocity comes from 
band folding, can get negative refraction
• Bragg scattering
• band structure description

• λ >> a
• double negative constitutive parameters 
implies negative refraction
• local resonances scattering
• effective medium description

Kushwaha et al., Phys. Rev. Lett. 71, 2022 (1993) Liang et al., Sci. Rep. 4, 5015 (2014)

q “Ordered” phononic structures VS “disordered” resonant materials
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Locally resonant metamaterials

Electromagnetic Metamaterials Acoustic Metamaterials

Liu et al., Science 289, 1734 (2000)

effective mass density

effective bulk modulus

Shelby et al., Science 292, 77 (2001)

effective permeability

effective permittivity

Li, Fung, Liu, Sheng and Chan (2007)
“Generalizing the concept of negative medium to acoustic waves”

q Effective medium description and local resonances (ω)

𝑛!"" 𝜔 = ± 𝜀!"" 𝜔 𝜇!"" 𝜔 𝑛!"" 𝜔 ≡ ± 𝜅!""#$ 𝜔 𝜌!"" 𝜔



Locally resonant metamaterials
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𝜔! 𝑀 +
𝑚𝜔"!

𝜔"! − 𝜔!
= 4𝐾 sin!

𝑘𝑎
2

with 𝜔" = ⁄2𝐺 𝑚

𝐾 > 0 𝐾 < 0

𝑀!"" = 𝑀 +
𝑚𝜔#$

𝜔#$ −𝜔$



Acoustic metamaterials
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evanescent waves

evanescent waves

ρeff

κeff

Kadic et al., Rep. Prog. Phys. 76, 126501 (2013)

propagating (backward) waves

propagating (forward) waves

0

double
positivity

single
negativity

single
negativity

double
negativity

𝑛!"" ≡
𝜌!""
𝜅!""

> 0𝑛!"" ≡ i
𝜌!""
𝜅!""

𝑛!"" ≡ i
𝜌!""
𝜅!""

𝑛!"" ≡ −
𝜌!""
𝜅!""

< 0



Mechanical 1D-2D locally resonant structures
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Kadic et al., Rep. Prog. Phys. 76, 126501 (2013)

Lee et al.
Phys. Rev. Lett. 104, 05301 (2010)

Fang et al.
Nat. Mater. 5, 452 (2006)

Yang et al.
Phys. Rev. Lett. 96, 041906 (2008) 

Romero-Garcia et al.
J. Sound Vibr. 332, 184 (2013)

evanescent waves

evanescent wavespropagating (backward) waves

propagating (forward) waves

ρeff

κeff0



500 µm

Locally resonant metafluids
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Brunet, Leng and Mondain-Monval, Science 342, 323 (2013)

500 µm

500 µm

ρeff

κeff

500 µm

0

𝑛#$%&
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500 µm

Locally resonant metafluids
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Brunet, Leng and Mondain-Monval, Science 342, 323 (2013)

500 µm

500 µm

ρeff

κeff

500 µm

0

for dissipative media:

ρeff = ρ’eff + iρ”eff

κeff = κ’eff + iκ”eff



500 µm

Locally resonant metafluids
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Brunet, Leng and Mondain-Monval, Science 342, 323 (2013)

500 µm

500 µm

ρeff

κeff

500 µm

0

𝑛! ≡
𝜌
𝜅

!
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!
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𝜅
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Acoustic metamaterials
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sgn(κ’eff)0

0 0

0 0

ρ”eff/ρ’eff ρ”eff/ρ’eff

κ”eff
κ’eff

ρ”eff/ρ’eff ρ”eff/ρ’eff

κ”eff
κ’eff

κ”eff
κ’eff

κ”eff
κ’eff

Brunet et al., EPJ Appl. Metamat. 2, 3 (2015)

sgn(ρ’eff)
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Multi-resonant acoustic suspensions
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Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)

<a>=104µm
CV=1%

mixing

Fluorinated oil FC40®
(v1=0,64 mm.µs-1 & ρ1=1,855) water-based yield-stress gel

(v0=1,49 mm.µs-1 & ρ0=1,005)

Leroy et al., J. Acoust. Soc. Am. 123,1931 (2008)



Multi-resonant acoustic suspensions
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Lax
Rev. Mod. Phys. 23, 287 (1951)

𝑘# =
𝜔
𝑣 + i𝛼

#
= 𝑘$# + 4𝜋𝜂𝑓% 0

with 𝑓% 0 =
1
𝑖𝑘$

=
&'$

(

2𝑛 + 1 𝑆& 𝑘$𝑎

and 𝜙)*+ =
4
3
𝜋𝑎,𝜂

a= 104 µm 
Φvol = 0.2%

Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)



Multi-resonant acoustic suspensions

Soft Acoustic Metamaterials Training School on Acoustic & Elastic (Meta)-Materials 2023, talk by Thomas Brunet18

n=1

n=3 n=4

n=5
n=6

n=7

n=0

n=2

Lax
Rev. Mod. Phys. 23, 287 (1951)
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𝜔
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Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)



Multi-resonant acoustic suspensions
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n=0

n=1 n=2

n=3 n=4

n=5
n=6

n=7

n = 0 n = 1 n = 2 n = 3

n = 4 n = 5 n = 6 n = 7

Lax
Rev. Mod. Phys. 23, 287 (1951)
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Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)



Impact of droplet size on Mie-type resonances
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n=0

n=1 n=2

n=3 n=4

n=5
n=6

n=7

a= 104 µm 
Φvol = 0.2%

a= 175 µm 
Φvol = 5.8%



Impact of size dispersion on Mie-type resonances

Soft Acoustic Metamaterials Training School on Acoustic & Elastic (Meta)-Materials 2023, talk by Thomas Brunet21

Lax
Rev. Mod. Phys. 23, 287 (1951)

Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)
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a= 104 µm 
Φvol = 0.2%



Impact of size dispersion on Mie-type resonances
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Lax
Rev. Mod. Phys. 23, 287 (1951)

Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)
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Impact of size dispersion on Mie-type resonances
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Criterion on the PSD 
for the emergence 

of acoustic resonances

Mascaro et al.
J. Acoust. Soc. Am. 133, 1996 (2013)

< 𝑎 >
𝜎

= 𝑄!"# > 𝑄$%& =
𝑓$%&
∆𝑓$%&

𝑄'() ≈ 100

𝑄'() ≈ 33

𝑄'() ≈ 20

𝑄'() ≈ 7

𝑄%!& 𝑛 = 3 = ⁄𝑓%!& ∆𝑓%!&≈ 10



Impact of droplet shape on Mie-type resonances
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+ superparamagnetic
γ-Fe203 nanoparticles

Brunet et al., Phys. Rev. Lett. 111, 264301 (2013)

Brunet et al., Appl. Phys. Lett. 101, 011913 (2012)

<a>=104µm
CV=1%

Taylor, Proc. Roy Soc. A 146, 501 (1934)

droplet under shear

Vizika et al., J. Fluid Mech. 239, 1 (1992)

droplet under an electric field

Afkhami et al., J. Fluid Mech. 663, 3 (2010)

droplet under a magnetic field



Impact of droplet shape on Mie-type resonances
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single fluorinated ferrofluid droplet
under an external magnetic field B

Electromagnet (0-50 mT)



Impact of droplet shape on Mie-type resonances
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magnetic field B

magnetic field B 90°k0

B

B0

0°k0

k0

k0



Impact of droplet shape on Mie-type resonances
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q Context & motivations
Ø Basis principles of metamaterials physics

q Locally resonant metafluids

Ø Multi-resonant acoustic suspensions
Ø Experimental demonstration of negative index

q Soft gradient-index metasurfaces

Ø Soft porous silicone rubber lenses
Ø Experimental demonstration of wavefront shaping

q Conclusion & perspectives

Ø Soft acoustic metamaterials
Ø Towards soft reconfigurable flat ultrasonic lenses

Need for particles with a 
very low speed of sound!



Materials with very low sound speeds?
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q In solids, the sound speed is of the order of a few thousand m/s:
Ø from 1.000 m/s (polymers) to 10.000 m/s (heavy metals)

q In liquids, the sound speed is of the order of a few hundred m/s:

Ø from 500 m/s (fluorinated oils) to 1.500 m/s (water)

q How to reach sound speeds of the order of a few tens of m/s ?



Materials with very low sound speeds?
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4
𝜌*+**,- = 1 − Φ 𝜌. +Φ𝜌/0% ≈ 1 − Φ 𝜌.
1

𝜅*+**,-
=
1 − Φ
𝜅1

+
Φ
𝜅/0%

≈
Φ
𝜅/0%

⟹ 𝑐*+**,- =
𝜅*+**,-
𝜌*+**,-

≈
𝜅/0%

Φ 1 − Φ 𝜌.

Soft Acoustic Metamaterials From locally resonant metafluids to soft gradient-index metasurfaces30

q In solids, the sound speed is of the order of a few thousand m/s:
Ø from 1.000 m/s (polymers) to 10.000 m/s (heavy metals)

q In liquids, the sound speed is of the order of a few hundred m/s:

Ø from 500 m/s (fluorinated oils) to 1.500 m/s (water)

q How to reach sound speeds of the order of a few tens of m/s ?

Bubbly media
csound = 25 m/s
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q In solids, the sound speed is of the order of a few thousand m/s:
Ø from 1.000 m/s (polymers) to 10.000 m/s (heavy metals)

q In liquids, the sound speed is of the order of a few hundred m/s:

Ø from 500 m/s (fluorinated oils) to 1.500 m/s (water)

q How to reach sound speeds of the order of a few tens of m/s ?

Aerogels
csound = 30 m/s

Bubbly media
csound = 25 m/s

Gross et al.
Phys. Rev. B 45, 12774 (1992)



Materials with very low sound speeds?
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q In solids, the sound speed is of the order of a few thousand m/s:
Ø from 1.000 m/s (polymers) to 10.000 m/s (heavy metals)

q In liquids, the sound speed is of the order of a few hundred m/s:

Ø from 500 m/s (fluorinated oils) to 1.500 m/s (water)

q How to reach sound speeds of the order of a few tens of m/s ?

Aerogels
csound = 30 m/s

Soft porous rubbers
csound = 40 m/s

Bubbly media
csound = 25 m/s



Soft porous silicone rubbers
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For soft porous silicone rubbers:
𝐾2 ≈ 1 GPa ≫ 𝐺2 ≈ 1 MPa

and 𝐾/0% ≈ 0.1 MPa ≫ 𝐺/0% = 0

𝜌./0/12 = 1 − Φ 𝜌$ +Φ𝜌%30
𝐾./0/12 − 𝐾$
3𝐾./0/12+4𝐺$

= Φ
𝐾%30 − 𝐾$
3𝐾%30 + 4𝐺$

𝐺./0/12 − 𝐺$
6𝐺./0/12 𝐾$ + 2𝐺$ + 𝐺$ 9𝐾$ + 8𝐺$

=
Φ 𝐺%30 − 𝐺$

6𝐺%30 𝐾$ + 2𝐺$ + 𝐺$ 9𝐾$ + 8𝐺$
⟹

𝑐4 =
𝐾./0/12 +

4
3 𝐺./0/12

𝜌./0/12
≈

𝑐5,$

1 + 3𝐾$4𝐺$
𝜙

𝑐7 =
𝐺./0/12
𝜌./0/12

≈
𝑐8,$

1 + 23𝜙

From the single scattering theory derived in 
the long-wavelength limit, we have:

Kuster & Toksöz, Geophysics 39, 587 (1974)
Ba et al.

Sci. Rep. 7, 40106 (2017)



Soft porous silicone rubber beads
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Brine

glycerol

em
ul

si
on

drying

Kovalenko et al
Soft Matter 12, 5154 (2016)

U.V.
lamp

UV curable silicone 
monomers + catalysers



Ultrasound measurements
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f0 = 1000 kHz

v = + 1500 m/s

d ì

retrieval of the effective phase velocity v and the acoustic attenuation α
over a broad ultrasonic frequency range [100 – 1000 kHz]

f0 = 400 kHz

v = + 5000 m/s

d ì

1 cm

direct-contact pitch/catch experiments

receiver

transmitter

d



Ultrasound measurements
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f0 = 1000 kHz

v = + 1500 m/s

d ì

retrieval of the effective phase velocity v and the acoustic attenuation α
over a broad ultrasonic frequency range [100 – 1000 kHz]

f0 = 400 kHz

v = + 5000 m/s

d ì

f0 = 310 kHz

v -> ∞

f0 = 270 kHz

v = - 2500 m/s

d ì d ì



__ Experiments
- - - MST model

Negative index ultrasonic metafluids
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Φvol = 20%

******* Experiments
- - - MST model

******* Experiments
- - - MST model

𝑘' = 𝑘(' + +
)

4𝜋𝜂 𝑎 𝑓* 0 +
4𝜋'𝜂' 𝑎

𝑘('
𝑓* 0 ' − 𝑓* 𝜋 ' d𝑎

with 𝜙+,- = +
)

4
3
𝜋𝑎.𝜂 𝑎 d𝑎

Waterman and Truell
J. Math. Phys. 2, 512 (1961)



Negative index ultrasonic metafluids
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Φvol = 20%

******* Experiments
- - - MST model

******* Experiments
- - - MST model

__ Experiments
- - - MST model



Negative refraction experiments
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2D spatial

Fast Fourier 
Transforms 

n=1
n=0

abs [S*(ω=300kHz,kX,kZ)]

Temporal

Fast Fourier 
Transforms 

phase [S*(ω=300kHz,X,Z)]

S(t,X,Z)

water
(nwater=1)

large US transducer

qmeta = 5°



Negative refraction experiments
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f1 = 165 kHz f2 = 195 kHz f3 = 250 kHz

f1

f2

f3



Conclusion
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Negative Index ✓ Negative Refraction ✓Acoustic metafluids Perfect lens ✖
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Negative Index ✓ Negative Refraction ✓Acoustic metafluids Perfect lens ✖

Our metafluids

are quite lossy!



Perspective: soft ultrasound insulators

Soft Acoustic Metamaterials Training School on Acoustic & Elastic (Meta)-Materials 2023, talk by Thomas Brunet43

- PU + beads (f = 5%) 
- PU + µ-balloons (f = 1.6%)
- PU with no inclusions
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Soft gradient-index metasurfaces
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Soft gradient-index metasurfaces
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Li et al.
Physical Review Applied 5, 024003 (2015)

Zhu et al.
Physical Review X 7, 021034 (2017)

Xie et al.
Nature Communications 5, 5553 (2014)



Soft gradient-index metasurfaces
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λ0

λ0 >> thickness

Xie et al.
Nature Communications 5, 5553 (2014)

…



Soft porous silicone rubbers
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ultrasonic transducer

sample thickness = 2 mm = !!
"
@ 90 kHz



Soft porous silicone rubbers
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ultrasonic transducer

sample thickness = 2 mm = !!
"
@ 90 kHz



2D wavefront shaping
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no metasurface « linear » metasurface « hyperbolic » metasurface



2D wavefront shaping
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3D wavefront focusing
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Radially graded flat lens

R

¬ w/o metasurface
◊ with metasurface

num. simulations1 cm



3D wavefront twisting
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Azimuthally graded flat lens

@ 150kHz

Instantaneous pressure field
measured in the transverse XY-plane,

the acoustic wave propagating along the Z-axis.

1 cm

X (mm)

Y 
(m

m
)

t = 133µs
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3D wavefront twisting
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Azimuthally graded flat lens

θ
1 cm

¬ w/o metasurface
◊ with metasurface

num. simulations



Towards “soft acoustic tweezers” ?
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Baresch, Thomas & Marchiano
Phys. Rev. Lett. 116, 024301 (2016)
Phys. Rev. Lett. 121, 074301 (2018)

Spherically focused array of
128 piezoelectric transducers

Glass lens



Conclusion
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Controlling (ultra)sound 
with soft acoustic 
metamaterials!



Quasi-flat high-index acoustic lenses

Soft Acoustic Metamaterials Training School on Acoustic & Elastic (Meta)-Materials 2023, talk by Thomas Brunet57



Quasi-flat high-index acoustic lenses

Soft Acoustic Metamaterials Training School on Acoustic & Elastic (Meta)-Materials 2023, talk by Thomas Brunet58

US transducer
with the lens



Perspectives: towards soft reconfigurable lenses
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For soft porous silicone rubbers:
𝐾2 ≈ 1 GPa ≫ 𝐺2

⇒ 𝑛 ≈ 𝑛2 1 +
3𝐾2
4𝐺2

𝜙
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Acoustical tweezers for the life sciences 

Contact: diego.baresch@u-bordeaux.fr

A 2-year Postdoc position is available in our team!
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A 2-year Postdoc position is available in our team! 
 
 

Postdoctoral position (2 years) on Acoustic Trapping and Manipulation 
 
Acoustic trapping and manipulation techniques that use the radiation force of ultrasound are emerging as mature 
experimental tools in the fields of applied physics, material science and physical biology. They are proving increasingly 
relevant wherever materials are to be probed or handled with large forces, large penetration depths and 
biocompatibility, which are situations that preclude the use of laser light and more conventional optical trapping 
methods [1]. The main aim of our research group is to prove the suitability of acoustic trapping to explore a range of 
interesting phenomena in the mechanics of soft and biological materials. Our approach is based on the trapping and 
manipulation of micrometric radiation force transducers with single-beam acoustical tweezers [2-3]. We will pursue 
our efforts in developing the trapping methodology, and explore the capability of these transducers to non-invasively 
measure local and subtle mechanical properties of a range of soft and biological materials.    
 
Job Description  
The candidate will be in charge of implementing manipulation and imaging strategies of the radiation force 
transducers used in the lab. He/she will use our acoustic trapping setup and imaging protocols to explore the force 
transducers’ response to ultrasound, calibrate their sensitivity and confront the experimental data to the models we 
have developed in the lab.  Activities and methods include: 

- Instrumentation, experimental design and signal processing for ultrasound.  
- Basics of optical imaging (macro) and image analysis.  
- Ultrasonic imaging. 
- Data analysis and basic programming with Python/Matlab. 

The Lab and working environment  
The research group is located in the Physical Acoustics department of the Mechanical engineering Institute (I2M, 
Instut de Mécanique et d’ingénierie) in the exceptional environment offered by the city of Bordeaux. The postdoc 
will work in close collaboration with the PI and a 2nd year graduate student. He/she will also closely collaborate with 
our scientific partners located in the bioengineering department.  
 
Application and other information 
Application: directly by email to diego.baresch@u-bordeaux.fr     
Expected starting date: Fev. March 2024 for 2 years. 
Salary 2800 to 4000€ gross per month (depending on experience) 
Funding: ANR young researcher program, includes funds for travels & conferences. 

   
 

References: 
[1] Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy, Nat. Methods (2008) 
[2] Observation of a single-beam gradient force acoustical trap for elastic particles: acoustical tweezers. Phys. Rev. Lett. (2016)  
[3] Acoustic trapping of microbubbles in complex environments and controlled payload release. PNAS (2020)  
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Micro-porous silica-xerogel micro-beads

Φvol = 20%

criteria for emergence of two “negative bands” :

• low size dispersion
• high volume fraction

• not too high absorption
• Poisson ratio ν less than 0.4

Raffy et al., Advanced Materials 28, 1760 (2016)

Dual-band negative index ultrasonic metafluids

ν = 0.28

ν = 0.5

monopolar

dipolar

bead Poiss
on’s r

atio ν



Effective constitutive parameters
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Brunet, Poncelet and Aristégui., EPJ Appl. Metamat. 2, 3 (2015)

for dissipative media:

ρeff = ρ’eff + iρ”eff

κeff = κ’eff + iκ”eff



Production of a stable fluorinated ferrofluid
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Fluorinated grafted ferrofluid

Aqueous ferrofluid
Fluorinated surfactant-based ferrofluid

q Preparation of aqueous ferrofluid : Fe2+ + 2Fe3+ + 8OH- Fe3O4 + 4H2O

q Coating with a perfluoropolyether functionalized with a carboxylic acid

q Ligand exchange: fluorosilane covalently bonds on the surface of the MNPs
Zimny et al.

J. Mater. Chem. B 2, 1285 (2014)


