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General introduction

Acoustic Control
And Materials



Part 1: Development of Intelligent 
Lightweight Material Solutions for Improved 

Vibro-Acoustic Transmission Problems

Felipe Alves Pires
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NVH challenges

Noise, Vibration and Harshness challenges 
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Ecological trend
Reducing emissions

Reducing fuel consumption

Lightweightdesign

Worse NVH properties

Novel NVH solutions
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Metamaterials

Vibro-acoustic metamaterials
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Metamaterials

Vibro-acoustic metamaterials
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f2

f3

f1

mass

spring

TVA: Tuned vibration 
absorber

Resonant inclusions on a 
subwavelength scale

(2)Liu, Z., et al. "Locally resonant sonic materials." science 289.5485 (2000).

HOW?Stop bands
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Vibro-acoustic metamaterials

ÅStop band prediction
üBloch-FloquetTheorem

üUnit cell modeling utilizing a FE approach 

Metamaterials
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(3)Goffaux, C., et al. Evidenceof Fano-like interferencephenomenain locallyresonantmaterials. Physicalreviewletters88.22(2002).
(4)Brillouin,L. Wavepropagationin periodicstructures: electricfilters andcrystallattices. CourierCorporation,2003c.
(5)Hussein,I. ReducedBlochmodeexpansionfor periodicmediabandstructurecalculations. Proceedingsof the RoyalSocietyof LondonA: Mathematical,
PhysicalandEngineeringSciences. TheRoyalSociety,2009.
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Objectives

Investigate design parameters that influence stop bands
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Footprint of resonators
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Methodology

ü Infinite and Finite problems

Å Using modified TVAs   

Infinite Finite
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Footprints
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60% 80%

20% mass addition

Change stiffness
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Z
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Numerical Results

Infinite Plates

Unit cell: 60 x 60 mm
Bigger footprint
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ü Stop bands width x Footprint

- fres = 2000 Hz

Numerical Results
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Numerical Results

Finite Plates
Displacements

Simplysupported
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Fahy, Frank J., and Paolo Gardonio. Sound and structural vibration: radiation, transmission and response. Elsevier, 2007.
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ü RMS Displacements

Á Resonators tuned to 2000 Hz

Numerical Results
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Experimental Validation
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ü Finite aluminum beams:

Experimental validation

Material properties of aluminum.
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Point of excitation
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ü Resonators with different footprints:

Experimental validation

Material properties of plexiglass.
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ü Resonators with different footprints:

Experimental validation

Resonators features numerically acquired.
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ü Realized resonators with different footprints:

Experimental validation

Samples of laser cut resonators (Left) Type 1 (Right) Type 2.

Test set up to retrieve the resonance frequency of the resonators.
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Comparison between the simulated and measured resonance frequencies 
for the 2 types of resonators.
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ü Predicted stop bands:

Experimental validation
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ü Comparison of FRFs of the metamaterial beams:

Experimental validation

Comparison of experimental FRFs for the bare beam and the beams with 
resonators.
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Concluding remarks 

ü Novel NVH solution;

ü Resonance based stop bands;

ü Influence of footprint:

Å Stop bandsô widths;

Å Experiments comply with numerical study;

Å Footprint of resonators need to be taken into account.
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Future steps

ü Experimentally investigate the footprint concept in 2D finite structures

Á Structural vibrations

Á Insertion Loss (IL)

ü Design and produce a metamaterial fuselage panel as a demonstrator;

ü Test and validate the metamaterial panel on the fuselage setup at ADE.
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Part 2: Liner Impedance Control, 
Stability investigations

Emanuele De Bono
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Ultra-High Bypass Ratio turbofan
engines

Y. Auregan(LAUM)

AIAA
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AcousticLiners for Turbofan

Credits: SAFRAN Nacelles; Karkaret al., Internoise2015

M24 SmartAnswer Mid-term Meeting Leuven 27



M24 SmartAnswer Mid-term Meeting Leuven

State of the art in Industrial Application

Main limitations: 
Å Narrow bandwidth. 
Å Toothick for LF (quarter wavelength

resonators)

Needfor: 
Å Widebandconcept
Å Efficient at lower frequencies
Å Reasonablethickness(50mm)

SAFRAN Nacelles
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State of the art in Research

Slow
Sound

Can be efficient for 

ά!ŎƻǳǎǘƛŎ aŜǘŀƳŀǘŜǊƛŀƭǎέ

Flow

Credits: Y. Auregan(LAUM)
Subwavelength structures
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ProposedActive Concept

SAFRAN

Microphones

Electronic card

Speaker
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Summary

üThe distributedimpedancecontrol law:
ÅTheoreticalstability.
ÅThe diode effect.

üLocal ImpedanceControl: stability issue.

üConclusions.
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The distributed impedancecontrol law

Collet et al. JASA 2009
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Summary

üThe distributedimpedancecontrol law:
ÅTheoreticalstability.
ÅThe diode effect.

üLocal ImpedanceControl: stability issue.

üConclusions.
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The distributed impedancecontrol law: 
TheoreticalStability
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ü Open Field Propagation Stability
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This problemhas an analyticalsolution 
in the frequencydomainin termsof the 
unkownwavenumbers.

Negative for ╬╪ ╬
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The distributed impedancecontrol law: 
TheoreticalStability
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ü Ductmode Propagation Stability

Frequency domain:
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Wave Stability Criteria
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ü CavityMode Stability

▬ ▬▄ⱦ◄

If  ╡▄ⱦ System Unstable

Root locus of ‗, varyingὧ

Cavity mode unstablefor ὧ ὧ

The distributed impedancecontrol law: 
TheoreticalStability
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Summary

üThe distributedimpedancecontrol law:
ÅTheoreticalstability.
ÅThe Diode Effect.

üLocal ImpedanceControl: stability issue.

üConclusions.
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Dispersion curvesrelative to 
sectionalduct modes

╬╪ ὧ

Backward Propagating 
plane wave

Forward Propagating 
plane wave (missing)
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The distributed impedancecontrol law:
The Diode Effect
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A distributed impedancecontrol law:
the Diode Effect

AcousticDiode effect

WITH JUST ONE CELL!!!

▬░▪╬

▬░▪╬
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UNEXPECTED INSTABILITY 
in the EXPERIMENTAL APPLICATION

Å Increasingthe numberof cellseasilybroughtabout instability... 

ÅWeneedto do a stepōŀŎƪΧ we needto takeinto accountthe 
time delayin the application of the control itself.

Digital 
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Numerical
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Summary

üThe distributedimpedancecontrol law:
ÅTheoreticalstability.
ÅThe diode effect.

üLocal ImpedanceControl: stability issue.

üConclusions.

üCurrentwork

M24 SmartAnswer Mid-term Meeting Leuven 41



M24 SmartAnswer Mid-term Meeting Leuven

Local ImpedanceControl:
STABILITY ISSUE

ÅWe will analyzenow the Local ImpedanceControl, whichthe 
DistributedImpedanceControl ideastems from. The Distributed
ImpedanceControl is just an extension of the Local Impedance
Control.

Ὥ‫ Ὄ ‫ ὴ Ὄ ‫
ὴ‏

ὼ‏

ÅTherefore, first thing is to analyzethe Stabilityof the Local Control. 
If the Local ImpedanceControl isnot stable, the Distributed
ImpedanceControl has no chance to be stable!!!
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Local ImpedanceControl:
STABILITY ISSUE

Á Whathappensif we considera delayin the application of the Local ImpedanceControl?
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Local ImpedanceControl:
STABILITY ISSUE

Á Whathappensif we considera delayin the application of the Local ImpedanceControl?
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Local ImpedanceControl:
STABILITY ISSUE
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Summary

üThe distributedimpedancecontrol law:
ÅTheoreticalstability.
ÅThe diode effect.

üLocal ImpedanceControl: stability issue.

üConclusions.

üCurrentwork
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Conclusions

ü The condition for the Acousticdomainto be stable if coupledwith a DistributedImpedanceControlled
liner, has been assessedthroughanalyticaland numericalanalyses. Theyretrievedthe sameresult: a 
limit on the artificial celeritycoefficient ὧ ὧ.

ü The diode effecthas been shownnumericallyand experimentally, but the tests have shownclear
instability.

ü The first reasonof instabilityhas been found in the application of the Local ImpedanceControl, on which
the DistributedImpedanceControl is rooted.

ü The instabilityof the Local Control has been explainednumericallyby the delayin the digitally-
implementedControl chain. Experimentaltests have confirmedthe validityof this conclusion.
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CurrentWork

ü Test and optimizedifferent Control Law, 
stabilizingthe system by the application 
of a porouslayer in front of the cells.

ü Synthesizea robustControl Law through
Advanced AutomaticControl techniques 
basedupon the Ὄ method. It will take
into accountthe delayfrom the beginning
of the Control design.
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Part 3: Gradient metamaterials,

MDOF oscillator and wave-conversion liner

Thomas LAURENCE
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Generalities about interfaces 
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Generalities about interfaces 

üInteraction with an interface of specific impedance Ḋ

: Ὑ Ὦὢ
ὴ

ὺ
compared to the specific impedance of the fluid ὤ ”ὧ

üReflection coefficient in normal incidence:

Ὑ
ὤ ὤ

ὤ ὤ

üAbsorption coefficient:
‌ ρ Ὑ

ὴ

ὴ
Ὑὴ

ὺ

ὤ

ὴ
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Generalities about interfaces 

üSnell-Descartes Law (SDL):

ÓÉÎ— ÓÉÎ— π

Valid for an homogeneous impedance

ČWhat happens for a controlled 
inhomogeneous impedance ?

Č How can we create an inhomogeneous
impedance ?
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Multiple Degrees Of Freedom Oscillator

ü MDOF sensor-based shunted loudspeaker

Currentequation(Newton): 
ὤ ὺ Ὓὴ ὄὰὭ

Can be tuned to a target specific impedance
by adjusting Ὥ ɮὴ:

♠
╢▀

║■

╩╜

╢▀╩▼
givesthe specificimpedanceὤ

ČOffersthe possibilityto have an inhomogeneous
impedance

ČActive resonator, canbe changedon the fly

ČVirtuallyanyimpedanceisachievable

Source: [Rivet, Thesis]
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Generalized Snell Descartes Law

ü Gradient-based metamaterials :

Gradient property over the material (for example a surface)

ü Helical wavefrontgeneration,
ŀōƴƻǊƳŀƭ ǊŜŦƭŜŎǘƛƻƴΧ

ü Phase gradient metasurfaces: 
wave manipulators.

ü Based on generalized SDL
with a reflection phase ‪:

ίὭὲ— ίὭὲ—
ρ

Ὧ

⸗ⱶ

⸗●

—
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Generalized Snell Descartes Law

ü Gradient-based metamaterials :

They mostly use passive cells.

ČCould we combine this approach and MDOF active oscillators ?
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MDOF target impedance

ü Definition of the target impedance ὤwith a criteria on the reflection coefficient 
phase, and implementation of the control law ɮȢ

ü Frequency shift of the resonators along the surface :
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MDOF target impedance

ü The phase target isexactlymet !

58



M24 SmartAnswer Mid-term Meeting Leuven

Wave redirection

Metasurfaceplane

ü First simple application : anomalousreflection(standard application in the litterature).

ü Good simulation results, over a large frequencyband.

ü Needfor experimentalresults.
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ÅCondition from generalized SDL:

ÓÉÎ— ρ
ɝ‪

ὯὨ
ρ ÓÉÎ—ȟ—ᶰ ωπЈȟπЈ

Č No reflection for a given incidence and a given phase gradient !

With an optimized
gradient, in a duct:
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ÅCondition from generalized SDL:

ÓÉÎ— ρ
ɝ‪

ὯὨ
ρ ÓÉÎ—ȟ—ᶰ ωπЈȟπЈ

Č No reflection for a given incidence and a given phase gradient !

With an optimized
gradient, in a duct:
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